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ABSTRACT OF DISSERTATION

GENE SILENCING PROVIDES INSIGHTS INTO BARK BEETLE BIOLOGY AND
CREATES POTENTIAL FOR BROAD SCALE FOREST PROTECTION
Dendroctonus bark beetles are among the most economically and ecologically
significant forest pests in North America and play a critical role in the overall health of
conifer forest ecosystems. Dendroctonus bark beetles influence ecosystem benefits and
biodiversity and drive forest succession, and adversely affect timber production, forest
management, and recreation. As temperatures surge and climatic fluctuations become
more extreme, catastrophic bark beetle outbreaks are increasing in frequency, escalating
pressures on highly vulnerable conifer forests already compromised by heat and drought.
Eruptive outbreaks of Dendroctonus beetles are largely unhindered by traditional
silvicultural management; these practices further disrupt forest ecosystem services,
including the capacity to sequester carbon, thereby compromising their ability to temper
our changing climate. The limitations of current management approaches for
Dendroctonus beetles makes them prime targets for innovative and aggressive
management strategies that are less taxing ecologically. RNA interference is one such
innovative approach touted as a next generation pest control tactic.
RNA interference (RNAi) is a naturally occurring eukaryotic immune response
that can be artificially manipulated through the introduction of carefully designed double
stranded RNAs (dsRNAs) to silence gene function. Gene silencing via RNAi is a
powerful tool used to elucidate gene function and expose inter-individual epigenetic
differences and can also be applied in pest management as a biopesticide. I investigated
the use of RNAi technology in Dendroctonus bark beetles. Chapter one offers an
overview of Dendroctonus systems. In Chapters Two and Three I demonstrate the
efficacy of RNAi to silence gene function in southern and mountain pine beetles,
Dendroctonus frontalis and D. ponderosae, respectively. I show that triggering the RNAi
pathway in each species halts the production of critical proteins and results in significant
mortality in a species-specific manner. I then investigated the specificity of RNAi to
target in Chapter Four and found that the technology has congeneric effects. In Chapter
Five I demonstrate a marked sensitivity to epigenetic changes spurred by differences in
climate and host in southern pine beetle. I then investigated potential deployment
methods of RNAi technology for forest-wide southern pine beetle suppression, beginning
with the transformation of southern pine beetle associated fungi to act as a delivery
mechanism for RNAi inducing dsRNAs in Chapter six, followed by the identification and
validation of olfactory receptor genes and the specific pheromones to which they
correspond in Chapter Seven. Chapter Eight highlights that, collectively, my work offers
new insights into Dendroctonus bark beetle biology and is a foundational step to adapting
RNAi technology to broadscale forest protection.
KEYWORDS: RNA interference, Gene Silencing, Dendroctonus Bark Beetle, Invasive
Species, Climate Change
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1
1.1

LITERATURE REVIEW
Introduction
As temperatures surge and climatic fluctuations become more extreme, catastrophic

bark beetle outbreaks are becoming more frequent, intensifying pressures on highly
vulnerable conifer forests already compromised by heat, drought, and anthropomorphic
activity. Dendroctonus bark beetles specifically are among the most significant genera of
forest pests, disrupting forest succession, biodiversity, and the overall health of forest
ecosystems. Additionally, the loss of timber generated from Dendroctonus spp. activity
and management ultimately results an estimated $90 billion decline in GDP (Corbett at
al. 2016; Holmes and Koch 2019). Eruptive outbreaks of Dendroctonus beetles are
largely unhindered by traditional silvicultural management, which deploys strategies that
further disrupt forest ecosystem services, including the capacity to sequester carbon,
thereby compromising their ability to temper our changing climate. The limitations of
current management approaches for Dendroctonus beetles make them prime targets for
innovative and aggressive management strategies that are less taxing ecologically.

1.2

Southern Pine Beetle
The historic geographic range of southern pine beetle (Dendroctonus frontalis

(SPB), Coleoptera: Curculionidae) is centered in the southeastern United States but
extends north of the Ohio River valley and south through Mexico and Central America.
The southeastern states, in particular, are dominated by suitable hosts and temperate
winters which facilitate the maintenance of SPB populations. SPB is oligophagous,
utilizing all Pinus species, with loblolly pine (Pinus taeda) being the preferred host
(Cook & Hain 1987). During population outbreaks, a larger variety of hosts has been
recorded, including spruce (Picea) and hemlock (Tsuga). The large dense tracts of mature
and over-mature pine forests in SPBs native region are especially susceptible to the
beetle, and outbreaks in the southeast result in devastating economic losses in timber
(Holmes 1991) and tourism revenue (Leuschner & Young 1978), making it historically
the most significant forest pest in the southeastern US (Drooz 1985).

1

When occurring in endemic numbers, SPB primarily colonize weakened host
trees lacking in adequate defenses, but when SPB populations erupt and reach epidemic
numbers, the beetles aggregate en masse and overcome the defenses of healthy pines. The
ability of Dendroctonus bark beetles to mass aggregate on healthy hosts stems from an
impressive chemical communication utilizing beetle and host produced semiochemicals
that act as attractants (Klutsch et al. 2017; Sullivan et al. 2021), repellents (Borden 1989;
Pureswaran et al. 2000), and synergists (Renwick and Vité 1969, Sullivan et al. 2007,
Munro et al. 2020) focusing beetle accumulation on available resources and shifting
beetle attraction to peripheral trees when hosts are depleted (Raffa 2001; Schlyter and
Anderbrant 1989).
Advanced chemical communication allows adult SPB to overcome healthy hosts
by sheer number but once within the host, another biological aspect aides in the defense
and development of immatures within the cambial tissue. Adult SPB carry with them the
spores of two obligate mutualists: an ascomycete, Ceratocystiopsis ranaculosus and a
basidiomycete, Entomocorticium cobbii, and a facultative mutualist: the ascomycete
Ophiostoma minus. Adult female SPB carry a pure culture of either of the symbionts in
specialized mycangia, glandularized cells located anteriorly in the pronotum (Klepzig et
al. 2001), while O. minus is carried phoretically on both male and female adults. While
excavating nuptial and egg galleries, the spores are deposited along chamber walls within
the host cambial tissue. In early stages of infestation O. minus aides in the defense of
beetles against host volatiles and resin, while C. ranaculosus and E. cobbii concentrate
dietary nitrogen, providing most of the nutrients essential to successful larval
development (Ayres et al. 2000). The consumption of E. cobbii may result in higher
overall fitness, as beetles whose mycangia contain E. cobbii spores appear to be heavier
and more fecund than beetles containing C. ranaculosus spores (Coppedge et al. 1995;
Goldhammer et al. 1990), which display a higher level of fitness than those whose
mycangia contain no spores. Both fungi, however, are important as their tolerance of host
secondary compounds and ability to outcompete antagonistic fungi differ, with E. cobbii
better able to overcome host defensive chemicals and C. ranaculosus being the better
competitor.

2

SPB outbreaks, and their management, create significant biotic disturbances
removal of large tracts of infested and susceptible trees and prescribed burns are the most
widespread means of management (Billings 2011). Widespread tree mortality, either
from beetle activity or through cut-and-leave management tactics, results in increased
light to the understory and influx of coarse woody debris following tree mortality affects
forest succession and nutrient cycling. The loss of large tracts of forest also impacts
hydrologic processes that influence water quality and quantity (Tchakerian & Coulson
2011). Forest succession and regeneration after beetle outbreaks can have further effects
on nutrient distribution and wildlife habitat as pine forests are often replaced by
hardwoods stands (Coleman et al. 2008).
The higher annual temperatures and reduced precipitation associated with climate
change have removed historical climactic barriers to SPB range expansion and increased
pine susceptibly to beetle attack, allowing for an unprecedented northward range
expansion as far north as Maine (MFHMD 2022), where it utilizes pitch (P. rigidia), jack
(P. banksiana), and red pines (P. resinosa), putting Maines inland pine barrens at risk and
further compromising carbon sequestration capacity

1.3

Mountain Pine Beetle
Like it’s congener, mountain pine beetle, D. ponderosae Hopkins, (MPB) is a

devastatingly eruptive endemic forest pest of pine in western North America, where it
inhabits pine forests from northern Baja California, Mexico to western Canada (Wood
1982; Dowle et al. 2017). MPB attacks and can reproduce in the majority of pine species
within its range (Eidson et al. 2018), utilizing the extensive native host populations that
include lodgepole (P. contorta), limber (P. flexilis), and ponderosa pines (P. ponderosa)
as well as introduced Scots pine (P. sylvestris) (Fried 2017).
Increasing annual temperatures have compromised geoclimatic barriers and led to
the rapid expansion of MPB into western Canada (Cudmore et al. 2010; De la Giroday et
al. 2012) through Alberta, where it encounters novel host plants. When populations are
low, MPB is found in pines with weakened host defenses (Smith et al. 2011) and
maintains a functionally healthy forest landscape (Klutsch et al. 2009; Raffa et al. 2009).
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When populations increase, however, MPB successfully colonizes larger, healthier trees
with more robust defenses (Boone et al. 2011) and has the potential to move beyond
Pinus spp. into other members of the Pinaceae (Huber et al. 2009; Rosenberger et al.
2017). The most effective management approaches, preventative thinning and controlled
burns negatively impact the carbon sequestration capabilities of otherwise healthy stands,
and reactive salvage cuts are detrimental to wildlife and ecosystem readjustment (Saab et
al. 2014).

1.4

RNA interference
Collective tree loss associated with SPB and MPB outbreaks totals tens of

thousands of hectares of pine forest. Current IPM practices are ecologically disruptive
and increasingly ineffective warranting novel approaches that are both efficient and
ecologically sound. One such tool is gene silencing through RNA interference or RNAi.
The realization that gene expression can be disrupted was an accidental discovery
made while exploring genes responsible for loss of the deep purple pigmentation of
petunias (Petunia spp.). The discovery that RNA was responsible for this interference
occurred in 1992 (Romano & Macino 1992), followed by the discovery in 1998 that
double stranded RNA (dsRNA) silenced gene function (Fire et al. 1998). From there,
understanding of the RNAi mechanisms and pathways intensified. Shortly after, the
enzyme DICER was found responsible for cleaving of dsRNA and initiation of the RNAi
pathway, followed by the discovery that RNAi disrupts translation of proteins by binding
small interfering fragments, or siRNA, to an RNA induced silencing complex (RISC)
responsible for silencing gene function (Hutvagner & Simard 2011). RISC binds a single
strand of siRNA to corresponding messenger RNA, which is then cleaved into small
fragments unable to code for the target protein.
The induction of RNAi in insects occurred initially in Drosophila melanogaster
and Tribolium castaneum (Bucher et al. 2002). Most early insect gene expression studies
were carried out using injected dsRNA, and it wasn’t until ingestion (Araujo et al. 2006),
topical application (Prigeon et al. 2008), and in vivo studies using bacteria (Zhu et al.
2011) and host plants (Baum et al. 2007) proved to be viable methods of introducing
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dsRNA, that the practical applications for pest management were realized. RNAi
introduced using bacteria as a vector has yielded results in Colorado potato beetle
(Leptinotarsa decemlineata) (Zhu et al. 2011), and the mechanisms by which RNAi is
taken up in the midgut of corn root worm (Diabrotica virgifera) have been identified
(Bolognesi et al. 2012). Studies on selected non-target species have shown that oral
ingestion of dsRNA induces gene silencing only rarely (Whyard et al 2009, Pampolini
and Rieske 2020; Hollowell and Rieske 2022). Because of this high specificity to target
species, introducing RNAi into broader, more diverse ecosystems could have less of an
impact on non-target species than insecticides, aiding in the maintenance of populations
of insect associates and establishment of released biocontrol species.

1.5

Project Goal
The overall goal of my research was to demonstrate the feasibility of utilizing

RNAi as a tool for bark beetle management. My first objective was to demonstrate the
successful induction of the RNAi pathway in southern pine beetle. To begin, I identified
reference genes for use in gene expression studies using qPCR, and then developed a
feeding method for the ingestion of dsRNA in SPB. Once the first two steps were
accomplished, I then demonstrated gene silencing and the subsequent mortality following
the ingestion of dsRNA.
My second objective was to demonstrate the successful induction of the RNAi
pathway in mountain pine beetle, beginning with my development an alternative feeding
method more suitable to MPB. I was then able to demonstrate gene silencing following
the ingestion of dsRNAs using qPCR and record the mortality that resulted from the loss
of essential gene functions.
My third objective was to evaluate Dendroctonus spp. for congeneric non-target
gene silencing. I investigated gene silencing in SPB following the ingestion of MPB
specific dsRNAs and the performed a reciprocal in which I measured gene silencing in
MPB following the ingestion of SPB specific dsRNAs. To better understand the
mechanisms behind the reciprocal silencing, I performed a pairwise alignment of
SPB/MPB target genes (heat shock protein, shibire, inhibitor of apoptosis). I then
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performed a multisequence alignment of Ribosomal Protein S28 of eight Dendroctonus
spp.
I evaluated the sensitivity of geographically disparate SPB populations to specific
dsRNAs for my fourth objective. To do so, I measured gene silencing in SPB populations
originating from Mexico and New York and compared those results to my original study
performed on beetles originating in the southeastern United States. I then sequenced the
targeted regions of heat shock protein and inhibitor of apoptosis in SPB originating from
geographically disparate populations.
My fifth and sixth objectives concern the practical deployment of RNAi technology
at the forest level. My fifth objective was a proof of concept in which I transformed
fungal associates of SPB to express beetle targeting dsRNAs. To achieve this, I
constructed a dsRNA expression vector, and performed Agrobacterium mediated
transformation of fungal associates. I then verified the successful transformation of
fungal associates using PCR.
My final objective was to investigate alternate target genes that regulated functions
not essential to basic life functions. I identified olfactory genes of SPB and then
demonstrated gene silencing of selected olfactory genes following the ingestion of
dsRNAs. To measure the physiological impacts of silencing olfactory receptors, I
perform electroantennogram assays on beetles following the ingestion of dsRNAs.

1.6

Impact
The ongoing battle against Dendroctonus bark beetles has been raging for over a

century but management techniques have remained relatively unchanged and despite a
multitude of efforts, the geographic ranges of SPB and MPB have expanded into naïve
forests highly susceptible to beetle attack. The absence of adequate preventative
silvicultural practices must be addressed and new tools that are capable of preventing
further spread while maintaining the ecological services of healthy forests are warranted.
My work demonstrates the potential of RNAi to be a powerful tool against bark
beetles and builds the foundation for a much needed and novel approach to forest
management.

6

2

RNA INTERFERENCE AND VALIDATION OF REFERENCE GENES FOR GENE EXPRESSION
ANALYSES USING QPCR IN SOUTHERN PINE BEETLE, D ENDROCTONUS FRONTALIS

This chapter is published as Kyre BR, Rodrigues TB, Rieske, LK. RNA interference and
validation of reference genes for gene expression analyses using qPCR in southern pine
beetle, Dendroctonus frontalis. Scientific reports. 2019 Apr 04. 9: 5640
https://doi.org/10.1038/s41598-019-42072-6
2.1

Summary
RNA interference (RNAi) is a highly specific gene-silencing mechanism that can

cause rapid insect mortality when essential genes are targeted. RNAi is being developed
as a tool for integrated pest management of some crop pests. Here we focus on an
aggressive forest pest that kills extensive tracts of pine forests, the southern pine beetle
(SPB), Dendroctonus frontalis. We sought to identify reference genes for quantitative
real-time PCR (qPCR) and validate RNAi responses in SPB by mortality and gene
silencing analysis. Using an adult beetle feeding bioassay for oral ingestion of dsRNA,
we measured the expression and demonstrated knockdown of target genes as well as
insect mortality after ingestion of target genes. Our study validates reference genes for
expression analyses and demonstrates highly effective RNAi responses in SPB, with
RNAi response to some target dsRNAs causing 100% beetle mortality after ingestion.

2.2

Introduction
The southern pine beetle (SPB), Dendroctonus frontalis, is an oligophagous, tree-

killing bark beetle that undergoes extreme population outbreaks that can cause
devastating losses in timber (Holmes 1991; Pye et al 2011) and tourism revenue
(Leuscher and Young 1978), making it the most significant forest pest in the southeastern
US (Schowalter et al 1981). SPB outbreaks, and their management, create significant
disturbances, resulting in increased light availability to the forest floor, changes in
temperature and soil moisture, competition, and growing space (Pacala et al 1984; Palik
et al. 1997; McGuire et al. 2001; Coleman et al. 2008). The influx of coarse woody debris
following tree mortality affects forest succession, nutrient cycling, and wildlife associates
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(Palik et al. 1997). The loss of large tracts of forest also impacts hydrologic processes
that influence water quality and quantity (Tchakerian and Coulson 2011). In recent
decades, changing climate patterns and lack of proactive management have allowed an
unprecedented northward range expansion, and SPB is now infesting pine forests of New
York, New Jersey, Rhode Island, and Connecticut (Liebhold and Williams 2002; Lesk et
al. 2017). The alarming geographic range expansion, coupled with persistent outbreaks
over its historic range, demonstrate the need for innovative means of managing SPB
populations.
RNA interference (RNAi) technology is a novel approach to forest pest
management. Introducing exogenous double stranded RNA (dsRNA) into the insect cells
activates RNAi pathways that normally function to induce antiviral responses (Dietrich et
al. 2017). The dsRNA is bound by the DICER enzyme, cleaving it into small interfering
RNAs (siRNA), which then binds to the RNA induced silencing complex (RISC), where
it is digested to produce single-stranded RNA templates able to bind to complementary
messenger RNA (mRNA). Binding of siRNA to mRNA induces degradation of the
mRNA, preventing its translation and producing nonsensical end products. RNAi
technology has proven efficacious in coleopterans, including the notable invasive forest
pests, emerald ash borer (Agrilus planipennis) (Zhao et al. 2015; Rodrigues et al. 2017a)
and Asian longhorned beetle (Anoplophora glabripennis) (Rodrigues et al. 2017b).
Because the process relies on matching 16 bp or more to target sequences (Chen et al.
2021) RNAi is more target-specific than current insect suppression methods. Non-target
effects can be further avoided by choosing novel target genes over highly conserved ones.
Though coleopterans appear especially sensitive to RNAi (Zhu et al. 2011; Palli 2014),
this sensitivity is variable, and may be influenced by the beetle life stage that is targeted
(Huvenne and Smagghe 2010), the process by which dsRNA is delivered (Yu et al.
2013), and the selected target gene(s) (Baum et al. 2007).
The analysis of target gene silencing using real-time quantitative PCR (qPCR) to
evaluate relative gene expression is a standard method used to validate and confirm
cellular RNAi machinery. Identifying appropriate reference gene(s) is vital for
interpretation of results for other genes that are targeted in experimentation
(Vandesompele et al 2002). Ideal reference genes exhibit expression levels that are
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conserved across all cells. Reference genes (RG) are essential for proper cell metabolism
(e.g. glyceraldehyde-3-phosphate dehydrogenase (GAPDH)) and/or structural integrity
(e.g. actin) often exhibit stable expression making them commonly used as reference
genes. The stable expression of reference genes is used as an internal control to normalize
target gene expression. Though universally present in cells, reference gene expression
levels can differ between organisms, and under stress and changing environments;
therefore, a gene with constant non-varying expression is preferred and must be identified
experimentally by screening.
We sought to validate the RNAi response in SPB by using oral delivery of dsRNA
to (i) measure the expression of target genes and demonstrate gene silencing and (ii)
evaluate insect mortality after dsRNA ingestion. Due to the lack of known reference
genes in SPB, we screened for and identified stable genes for our gene silencing study
and future gene expression studies involving SPB. Ours is the first study to validate
reference genes for expression analyses and demonstrate RNAi responses in SPB.

2.3
2.3.1

Materials and Methods
Insects
Adult beetles were obtained from loblolly pine, Pinus taeda, bark samples

collected from areas with high SPB populations in the southeast USA and stored in
darkness at 4 °C. Infested bark was removed as needed, and placed in emergence
containers consisting of a sealed, darkened 2 L container with a clear 25 ml collection
tube in one end containing a moistened tissue. Emergence containers were held at 23 °C
and monitored daily, and only newly emerged adult beetles were used in bioassays.
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2.3.2

Reference gene(s)

2.3.2.1.1 CANDIDATE GENE TREATMENTS AND SELECTION.
Eight reference genes were selected as candidate reference genes: ribosomal
protein S18 (rps18), elongation factor – 1 alpha (ef1a), ribosomal protein L13 (rpl13),
arginine kinase (ak), succinate dehydrogenase flavoprotein (sdf), ribosomal protein L32
(rpl132), tubulin (tub), and ubiquitin (ubiq) (Rodrigues et al. 2014; Koramutla et al.
2016; Rodrigues et al. 2017b). Gene expression was analyzed in individual adult beetles
(N = 5) while controlling for four parameters: temperature, light, sex, and exposure to
dsRNA, or RNAi response. Temperature treatment beetles were kept at 20 °C and 25 °C.
Light treatment beetles were maintained in either total darkness or at 15:9 (L:D). Beetles
maintained in both temperature and light regimes were kept in layers of bark and tissue in
standard size petri dishes (60 x 15 mm) and were evaluated after three days. Male and
female beetles were sexed upon emergence using the presence of pronotal grooves
(female) and frontal tubercles (male) (Osgood and Clark 1963) and used in experiments
immediately after sexing. For RNAi exposure, individual adult beetles (N = 5) were fed
four separate dsRNA treatments (hsp, shi, iap, and gfp) of 10 μg/μL in a 1% sucrose
solution. Following dsRNA ingestion, beetles from each treatment were placed together
in petri dishes containing damp filter paper and pine bark; dishes were oriented vertically
and maintained at 23 °C with a 15:9 L:D photoperiod. Beetles were evaluated after 24
hours.
2.3.2.1.2 STABILITY ANALYSIS
Stability of candidate genes was evaluated by inputting the mean Cq
(quantification cycle) value of each beetle per primer into BestKeeper (Pfaffle et al.
2004), an Excel based tool which uses pair-wise comparisons to evaluate gene stability,
and into the web based tool, RefFinder (Spoegelaere et al. 2015), which integrates four
separate algorithms todetermine the stability: GeNorm, NormFinder, BestKeeper, and the
delta-Ct method. GeNorm measures stability by taking the geometric average and mean
pairwise variation of all candidate genes, the results of which produce an M-score (M).
10

Lower M-scores denote higher stability; and genes with scores greater than 1.5 are not
considered (Vandesompele et al. 2002). GeNorm selects the best pair of genes, rather
than the best single gene. NormFinder produces an overall stability value (SV) by
measuring intra and intergroup variations of candidate genes. As with GeNorm, the lower
the value, the more stable the gene, with 1 being the cutoff (Anderson et al. 2004).
BestKeeper measures the standard deviation (SD) of each gene. Again, lower scores
denote higher stability, and genes with a SD greater than 1 are considered less stable
(Pfaffle et al. 2004). The delta-Ct method is a comparative method that estimates stability
based on delta-Ct value variation. Again, lower scores denote greater stability (Silver et
al. 2006). RefFinder calculates a comprehensive final ranking of the geometric mean of
the four algorithms with smaller geometric means denoting higher stability (Spiegelaere
et al. 2015).
2.3.3

RNA extraction, cDNA synthesis, and qPCR
Total RNA was isolated from whole beetles with TRI Reagent RT (Molecular

Research Center Inc., Cincinnati, OH), RNA integrity was verified using gel
electrophoresis and absorbance was measured at 260/280 and 230/280. cDNA was
synthesized using SuperScript¨ III Reverse Transcriptase (Invitrogen, Carlsbad, CA)
according to manufacturer’s instructions at a concentration of 3000 ng/ml and used as a
template for the qPCR standard curve, constructed using a 5-fold dilution. Each qPCR
sample contained 1 μL of 3000 ng/μL synthesized cDNA (diluted 1:1), 0.2 μL of each
primer (forward and backward), 3.6 μL of nuclease free ddH2O, and 5 μL of SYBR
Green PCR Master Mix (Applied Biosystems, USA); totaling 10 μL. All reactions were
performed using SYBR Green Master Mix and amplified under the following cycling
conditions: beginning cycle at 95 °C, 40 cycles at 95 °C for denaturation, followed with
30 s at 65 °C for annealing and extension, and ending with generation of a melting curve
consisting of a single peak to rule out non-specific product and primer dimer formations.
Each sample was repeated three times and measured using the mean Cq value. For
evaluating reference genes, the mean Cq value of each sample and each primer was used
as input data. For gene expression analysis the 2−ΔΔCt method (Livak and Schmittgen
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2001) was used to calculate the relative expression level of the target gene with rps18 and
ef1a as reference genes. For statistical analysis, we performed a one-way ANOVA with
Tukey’s HSD to evaluate differences (P < 0.05). Primers for the eight selected genes as
well as three target genes (Table 2.1) were designed using Primer3Plus and validated
using correlation coefficients (R2) and amplification efficiencies (Eff). Standard curves
were constructed using 5-fold serially diluted cDNA for each pair of primers. A desired
R2 is >0.99 and acceptable amplification efficiencies fall between 90% and 110%
(Broeders et al. 2014).
2.3.4

dsRNA synthesis from cDNA

Gene specific primers (Table 2.2) designed using SnapDragon were used to amplify
dsRNA templates, and run under normal PCR conditions as follows: 4 min at 94 °C,
followed by 35 cycles of 30 sec at 94 °C, 30 sec at 60 °C, and 45 sec at 72 °C. The final
step is an extension incubation which takes place at 72 °C for 10 min. PCR templates
were purified using a Qiagen purification kit (Qiagen, Germantown, MD). Once
purification was completed, MEGAscript RNAi Kit (Thermo Scientific, Waltham, MA)
was used in dsRNA synthesis, per manufacturer’s instructions. The reaction mix was then
incubated at 37 °C for 14 hours; after which it underwent 30 minutes of DNase treatment
at 37 °C. dsRNA was recovered by adding 2 μL (0.1 x volume) of sodium acetate and 50
μL (2.4 x volume) of 100% EtOH to the reaction mix which was then incubated at −20
°C for 2 hours. After incubation, the mix was spun at −4 °C for 30 min (14000 rpm), then
washed with 750 μL of 75% EtOH and spun at −4 °C for 15 min at 13000 rpm. Once
rinsed, samples were dried at 37 °C for 25 min and re-suspended in 20 μL of nuclease
free H2O. dsRNA quality was checked using electrophoresis and quantified with a
spectrophotometer (NanoDrop Technologies, Wilmington, DE). To attain a desired
concentration of 10 μg/μL, dsRNA was dried using vacuum speed at 30 °C for 15
minutes and resuspended in nuclease free H2O.
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2.3.5

Adult beetle feeding assays
To evaluate adult SPB mortality and gene silencing, adult beetles (N = 15 per

treatment for mortality assay; N = 5 per treatment for gene silencing) were fed dsRNA
diluted in sucrose. A 1 μL drop of 10 μg of dsRNA in a 1% sucrose solution colored with
blue food coloring for easier visualization was placed on the wall of a 50 mm petri dish
(Fig. 2.1). Individual beetles were then placed in the petri dish so that their mouthparts
were in contact with the droplet and held in place with a paintbrush, applying slight
pressure to the back of the head. Each beetle was held in place until the solution was
consumed (3–5 min). Beetles were fed one at a time to ensure complete ingestion of the
droplet.
Once dsRNA ingestion was complete, beetles from each treatment were placed
together in petri dishes containing damp filter paper and pine bark; dishes were then
oriented vertically beneath a clear plastic chamber and maintained at 23 °C with a 15:9
L:D photoperiod. Beetles were monitored for 10 days, with mortality being recorded
every 24 hours. For gene silencing analysis, beetles were collected after the first 24
hours, at which time total RNA was extracted. For statistical analysis of beetle mortality,
a one way ANOVA on non-transformed data was performed, and Tukey’s test was used
to identify differences between treatments. For gene silencing analysis, data were
determined to be normal (Shapiro-Wilk test, W = 0.6652), and a one-tailed t-test was
used to compare differences of a single variable.

2.4
2.4.1

Results
Stability analysis of reference genes

The Cq values for all 8 RG from all four treatments, temperature, photoperiod,
sex, and introduction of dsRNA, was between 18 and 26 cycles (Figure 2.2 A–D).
Analysis of the comprehensive values for all four treatments showed sdf was the least
expressed, with average Cq values between 25 and 26, while tub was the most expressed
with average Cq values ranging between 18 and 18.5. rps18 was the most moderately
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expressed RG with values ranging between 19.5 and 20.5 cycles. In this study, we
focused primarily on dsRNA treatment beetles, for which sdf was the least expressed,
with average values ranging from 22 to 23 cycles, and ef1a, which was the most highly
expressed with Cq values ranging between 13 and 13.5 cycles. Rps18 was again the most
moderately expressed with Cq average values ranging between 19 and 19.5 cycles.
The Cq values from qPCR analysis were analyzed using four separate algorithms:
GeNorm, NormFinder, BestKeeper, and the delta-Ct method. Genes were analyzed by all
four algorithms, and comprehensively across the four algorithms, as well as analyzed
separately by treatment and comprehensively across all treatments (Table 2.2). Again, we
focused primarily on results from the dsRNA treatments. GeNorm compares all genes
based on a gene expression stability value (M). Under dsRNA treatment, 7 of the 8
candidate genes expressed comprehensive M values below 1.5, with rps18 and ef1a both
being ranked first. NormFinder ranks genes based on an overall stability value (SV) and a
SV below 1 is considered acceptable. With the exception of ubiq, all genes produced a
SV less than 1, with ak being ranked first. BestKeeper ranks genes based on standard
deviation (SD); genes with a SD above 1 are considered less stable. Under dsRNA
treatment only 4 of the 8 genes produced a SD below one and rps18 was ranked first.
Using the delta-Ct method, where lower stability values are considered favorable, rpl32
was ranked first. Using the geomean value to create a comprehensive ranking of all four
algorithms, with lower values considered more stable, rps18 was ranked first. Given that
rps18 was ranked first using two of the four algorithms as well as comprehensively
(RefFinder), it was deemed the most stable and selected as a reference gene for our study.
A second reference gene, ef1a, was also chosen based on its rankings under GeNorm
(first) and Bestkeeper (second), as well as its comprehensive ranking of second. Rps18
and ef1a produced corroborating results during gene expression studies. Although our
study focused on dsRNA treated beetles for reference gene selection, these results
identify potential genes for other gene expression studies using light, temperature, and
sex as parameters. Rps18 ranked highly under all treatments and has a comprehensive
treatment ranking of 1. Rpl32 ranks highly under light treatments, while rpl13 does well
under temperature treatments, and ak ranks highly when comparing male and female
gene expression.
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2.4.2

Analysis of target gene expression

Of the three target genes evaluated, hsp, shi, and iap, hsp and iap have the
greatest relative expression and shi has the lowest (Figure. 2.3). There is no detectable
difference in expression between hsp and iap, but both differ significantly from shi.
Higher gene expression levels do not necessarily make hsp and/or iap better RNAi targets
for inducing mortality. Highly expressed genes may produce shorter half-life proteins and
thus require a higher level of expression to perform necessary functions, making them
more susceptible to RNAi (Hong et al. 2014), whereas genes with lower levels may
produce longer half-life proteins, and therefore do not need to be highly expressed.
2.4.3

Beetle mortality
With the exception of a single beetle lost in the dsHSP treatment, which may be

attributed to experimental handling, no mortality was observed in any dsRNA treatment
after 24 hours. After 5 days both dsHSP and dsSHI treated beetles exhibited 40%
mortality, which rose to 80% and 73.33% respectively on day 8. At 10 days dsHSP
treated beetles experienced 100% mortality, and dsSHI beetles experienced 86.67%
mortality (Figure. 2.4). The difference in mortality between hsp and shi was not
significant (t-test, one tailed P = 0.65), but both mortalities were significant relative to
control beetles (t-test, one tailed, P = 0.0005). Mortality in dsIAP treated beetles did not
differ from control beetles (t-test, one tailed P = 0.72).
2.4.4

Gene silencing
To assess whether beetle mortality was caused by an RNAi response, gene

expression analysis was performed 24 h after dsRNA ingestion using both rps18 and ef1a
as internal standards, which showed corroborating results. Ingestion of dsHSP and dsSHI
by adult beetles resulted in significant silencing of nearly 50% when compared to
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expression in control beetles (Figure 2.5), whereas ingestion of dsIAP did not result in
significant silencing of the iap gene.

2.5

Discussion
Our gene silencing results corroborate the mortality produced in hsp and shi treated

beetles. The lack of iap silencing and the inability to induce mortality in iap treated
beetles further supports that the mortality we observed was a result of gene silencing
using the RNAi pathway. However, our iap mortality and gene silencing results differ
from studies with emerald ash borer (EAB), another forest pest in which iap is a highly
effective target gene (Rodrigues et al. 2017b); higher concentrations, longer exposure of
dsIAP, or the use of additional dsIAP fragment(s) may produce results similar to those
found in EAB. The lack of significant mortality in dsIAP treated beetles corroborates
results from our gene expression studies and demonstrates that iap is not a suitable target
gene for SPB under our experimental parameters.
Ours is the first study to demonstrate an RNAi response in southern pine beetle,
which led to100% beetle mortality after ingestion of dsRNA. Although gene silencing in
agricultural pests has been studied extensively (Bolognesi et al. 2012; Palli 2012; Miller
et al. 2012; Galdeano et al. 2017), an understanding of the pervasiveness and efficacy of
RNAi mechanisms in forest pests is lacking. Initial work with SPB adults demonstrates
that a single oral delivery of dsSHI and dsHSP, chosen based on precedence with other
forest pests (Rodrigues et al. 2017b; Rodrigues et al. 2018) results in 86.6% and 100%
mortality respectively after 10 days. These results align with studies using emerald ash
borer neonates (Rodrigues et al. 2018) and red flour beetle (Tribolium castaneum) (Ulrich
et al. 2015). However, our study differs from that investigating EAB in that EAB neonate
feeding lasted 4 consecutive days and generated 80% and 93.3% mortality. And though
the T. castaneum study generated mortality of 100%, the beetles were injected rather than
fed. Oral delivery of dsRNA is less invasive and largely reduces mechanical injury to the
insect but can be less reliable as gut morphology may prevent the delivery of the dsRNA
to the midgut epithelium (Scott et al. 2013) and dsRNA degrading enzymes can be
present in the gut (Arimatsu et al. 2007). Our results suggest that silencing of the target
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genes hsp and shi is efficient in SPB, and that SPB may be particularly sensitive to RNAi.
Future efforts evaluating RNAi in SPB should focus on screening additional candidate
target genes to ensure selection of the most rapid and efficacious for SPB suppression.
We recognize that not all effective target genes need lead to high mortality. For example,
targeting genes for reproductive suppression or genes leading to a gradual decline in
fitness may also prove suitable. Optimal target gene selection is essential for
development of effective RNAi technologies to combat southern pine beetle, whose
impacts are exacerbated by land management practices (Nowak et al. 2015) and changing
temperature and precipitation regimes (Weed et al. 2013). Dose responses and
combinations of target genes should also be investigated, as these factors have played a
role in RNAi efficacy in other forest pests (Rodrigues et al. 2018). Development and
deployment of innovative gene silencing technologies such as RNAi in combating forest
pests could provide a much-needed tool for natural resource managers, providing an
additional component for integrated pest management while minimizing off target
effects. Our study is the first step in investigating the feasibility of the use of RNAi
against southern pine beetle.
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Table 2.1 Candidate reference genes and corresponding primer sequences. R2:
Correlation Coefficients, Eff: Amplification efficiency.
Gene
rps18
ef1a
rpl13
ak
sdf
rpl32
tub
ubiq

Sequence 5’3’
F: GCCCTCTTGTTCAAATCCAC
R: CTTAACGGCCATCAAAGGAG
F: TCCAAGAGGTGGGAATTCAG
R: GATCGTCGTTCAGGAAAAGC
F: AACCCCAAGAGGAAAGGATG
R: CCAGGCGCTTTTTAGAACTG
F: GATGGGGTCGAACAAATCAG
R: AGAAAACGTCCTTCGGTTCC
F: AGTTGGCAGAGACCCATTTG
R: CGCGTGTCGAGATGTTAAAGC
F: ATTGTGGACCAGCACTTTCC
R: TATCGACAACAGGGTGAGGAG
F: TCCTGATCCTGTCCAAAACC
R: TGATCACCGGAAAGGAAGAC
F: ATTGGAAGATGGACGCACTC
R: TGCCAGTCAAACTCTTCACG
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R2

Eff%

0.99

98.6

0.99

100

0.99

96.2

0.99

98.3

0.99

100

0.99

99.3

0.99

99.3

0.99

95.7

Table 2.2 Primer sequences and amplicon size for qPCR and dsRNA synthesis of the
target
genes
hsp,
shi,
and
iap.
A
T7
promoter
sequence
(TAATACGACTCACTATAGGG) was attached to the front end of each dsRNA primer
sequence.
Gene Primer Type
qPCR
hsp
dsRNA
qPCR
shi
dsRNA
qPCR
iap
dsRNA

Primer Sequence
F: TTGGGGATACGAGTTGAACC
R: GAGCGAAGTTCGAGGAATTG
F: ACACGCACACTCGTTCTCAC
R: TACGCGTACTCGCTGAAGAA
F: TACTTCTTTTCGCGCTCCTC [ ]
R: GCATCCATAATCTGGGCATC
F: AGTTCGCCGTTGATGAAATC
R: TCGAGCAGGGCTTTATGTCT
F: ATATCATTGGGTGGCAGGAG [ ]
R: GGCTCAACCGAATTCATCAC
F: TTTCGTTTGATGCTCGACTG
R: TCTTCGCCTGTCCTGTCTTT
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Amplicon (bp)
139
351
86
370
109
379

Table 2.3 Final ranking of candidate reference genes from dsRNA-treated beetles
according to values given by GeNorm, NormFinder, BestKeeper, and delta Ct and a
comprehensive ranking by RefFinder. M: gene expression stability; R: ranking; SV
stability value; SD: standard deviation; GM: Geomean value.

Gene
rps18
ef1a
rpl13
ak
sdf
rpl32
tub
ubiq

GeNorm

NormFinder

BestKeeper

delta-CT

Comprehensive

M

Rank

SV

Rank

SD

Rank

SD

Rank

GM

Rank

0.028
0.028
0.617
0.501
0.1
0.326
0.177
1.16

1
1
6
5
2
4
3
7

0.81
0.773
0.336
0.165
0.666
0.206
0.546
2.777

1
2
7
6
3
5
4
8

0.65
0.67
1.44
1.41
0.71
1.11
0.79
3.1

1
2
7
6
3
5
4
8

0.94
0.92
1.08
0.97
0.87
0.84
0.86
2.79

5
4
7
6
3
1
2
8

2.43
2.63
5.66
3.83
3.41
2.66
3.36
8

1
2
7
6
5
3
4
9
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Figure 2.1. Adult SPB feeding on sucrose droplet.
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Figure 2.2. Cq values for 8 candidate reference genes in four independent experiments:
(A) temperature, (B) light, (C) sex, (D) RNAi exposure. rps18 was consistently the most
moderately expressed. Under RNAi exposure, sdf was the least expressed, and ef1a was
the most highly expressed. Bars show the maximum and minimum Cq values.
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Figure 2.3. Relative expression of hsp, shi, and iap in adult SPB. Relative expression of
hsp and iap is higher than that of shi (means followed by the same letter do not differ,
one way ANOVA, F2,17 = 36.7, Tukey’s P < 0.0001).
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Figure 2.4. Adult SPB survival 10 days after ingesting 1 μL of 10 μL of dsRNA. At day
5, significant differences in survival were evident for beetles ingesting dsHSP and dsSHI
relative to those ingesting dsIAP and dsGFP (ANOVA, F3,39 = 4.69, P = 0.0073).
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Figure 4. Ingestion of gene specific dsRNAs by adult SPB fed with 1 μL of 10 μg/μL of
dsRNA, or dsGFP as a control, resulted in significant silencing of A) hsp (P = 0.0445)
and B) shi (P = 0.0013) (one-tailed t-test), but not C) iap (P = 0.3033) (* denotes
significant differences).
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3

SUSCEPTIBILITY OF MOUNTAIN PINE BEETLE (DENDROCTONUS PONDEROSAE HOPKINS)
TO GENE SILENCING THROUGH RNAI PROVIDES POTENTIAL AS A NOVEL MANAGEMENT
TOOL

This chapter is published as Kyre BR, Bentz BJ, Rieske LK. Susceptibility of mountain
pine beetle (Dendroctonus ponderosae Hopkins) to gene silencing through RNAi
provides potential as a novel management tool. Forest Ecology and Management. 2020
Oct 1. 473: 118322. https://doi.org/10.1016/j.foreco.2020.118322.
3.1

Summary
The mountain pine beetle (MPB), Dendroctonus ponderosae, is an eruptive

endemic forest pest that is undergoing substantial range expansion in response to recent
climatic changes, breaching geographic barriers, exploiting novel hosts, and affecting
millions of hectares of conifer forests in western North America. Current management
approaches have been unable to keep pace with MPB population outbreaks, and novel
and aggressive management responses are required as MPB’s range expansion
progresses. Gene silencing through RNA interference (RNAi) is an emerging pest
management approach that is being developed for agricultural pests and has also been
shown to be effective against some xylophagous forest pests, including the southern pine
beetle (SPB), D. frontalis. When essential genes are targeted, RNAi can cause rapid
insect mortality; here we focus on evaluating its effectiveness in MPB. We identified
reference genes for quantitative real-time PCR (qPCR) and validated RNAi responses in
MPB by analyzing gene expression and beetle survival. Using an adult bioassay that
combined oral ingestion and dermal absorption of dsRNAs targeting three genes (hsp,
iap, and shi), we measure gene expression and demonstrate silencing, as well as insect
mortality, following dsRNA exposure. All three genes were silenced and all treatment
beetles died within 7 d. This validates reference genes for expression analyses and
demonstrates that MPB, similar to the congeneric SPB, has a highly sensitive RNAi
response. Additionally, we document sex-specific differences in gene expression for one
of the three target genes, hsp; any differences in gene expression and subsequent
mortality based on sex must be considered as this technology progresses as a pest
management tool. RNAi causes rapid insect mortality when essential genes are targeted,
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is highly specific to the target pest, and has no environmental contamination risks,
making it an attractive approach for further development in forest pest suppression.

3.2

Introduction
In addition to globalization, increasingly erratic temperatures and precipitation are

enabling forest pests to expand beyond their historical geographic ranges (Liebold and
Williams 2002; Ziska et al. 2011; Ramsfield et al. 2016); an expansion facilitated by
exploitation of naïve hosts (Cudmore et al. 2010; Cipollini and Rigsby 2015) and lack of
natural enemies (Keane and Crawley 2002; Wolfe 2002; Olson and Rieske 2019). Forest
invaders may be exotic, such as the emerald ash borer, Agrilus planipennis (Li et al.
2019) and the red bay ambrosia beetle, Xyleborus glabratus (Lira-Noriega et al. 2018), or
they may be native but undergoing substantial range expansion, such as the gold spotted
oak borer, Agrilus auroguttatus (Coleman and Seybold 2011), the southern pine beetle,
Dendroctonus frontalis (Lesk et al. 2017), and the mountain pine beetle, D. ponderosae
(Carroll et al. 2003). The impacts of these invading forests pests are economic (Corbett et
al. 2016; Bacher et al. 2017), with devastating losses in timber (Pye et al. 2011) and
tourism revenue (Cahyanto et al. 2018; Arnberger et al. 2018), and ecological, as
extensive tree mortality leads to significant disturbances that influence ecosystem
function (Jenkins et al. 1999; Clarke et al. 2000; Kenis et al. 2009; Lovett et al. 2013;
Dhar et al. 2016a, 2016b).
In forests of western North America, native bark beetles are among the most
important sources of tree mortality, in some years exceeding that of tree mortality due to
wildfire (Hicke et al. 2016; Berner et al. 2017). Although the majority of native bark
beetles are integral components of forest ecosystems, contributing to decomposition and
affecting successional trajectories (Mattson and Addy 1975; Axelson et al. 2018), a few
species can cause extensive tree mortality during population outbreaks, interfering with
land management objectives and disrupting ecosystem services (Gregoire et al. 2015).
Because multiple insect life history traits that influence population success are
temperature dependent (Bentz and Jonsson 2015), warming temperatures associated with
climate change have resulted in altered outbreak frequencies of many species within their
historical ranges (Weed et al. 2015; Buotte et al. 2016). Moreover, for species with
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historical distributions limited by climate rather than host availability, migration to new,
thermally suitable environments is also occurring as temperatures warm (Chen and
Godwin 2011). As these native invaders expand into new regions they are encountering
novel forest types and naive hosts, raising the potential for increasing outbreak
frequencies and catastrophic tree losses. Novel and aggressive management responses are
required.
Mountain

pine

beetle

(Dendroctonus

ponderosae

Hopkins,

Coleoptera:

Curculionidae, Scolytinae) (MPB) is an eruptive endemic forest pest that is responding to
recent climatic changes through substantial range expansion (Carroll et al. 2003;
Safranyik et al. 2010). MPB is native to western North America, inhabiting pine (Pinus
spp.) forests from northern Baja California, Mexico to western Canada (Wood 1982;
Dowle et al. 2017), and has caused tree mortality on millions of hectares of forest in
recent decades (Bentz et al. 2010; Meddens et al. 2012, Hicke et al. 2016). Suitable pine
hosts occur both to the north and south of the historical MPB distribution, suggesting a
role for climate in influencing its current range (Safranyik et al. 2010). The breach of
geoclimatic barriers as a result of warmer annual temperatures has led to rapid northward
and eastward expansion of MPB in western Canada (Cudmore et al. 2010; De la Giroday
et al. 2012), with continued northward expansion projected for the near future (Bentz et
al. 2019). MPB is known to attack and reproduce in the majority of pine species within its
historical distribution, with few exceptions (Eidson et al. 2018). Additionally, MPB is
capable of utilizing several novel pine species which span North America (Furniss and
Schenk 1969), including jack pine, P. banksiana, and the non-native but naturalized Scots
pine, P. sylvestris, (Fries 2017). When populations are low, MPB is found in pines with
weakened host defenses that have been colonized by other less aggressive bark beetles
(Smith et al. 2011), and it acts to maintain a functionally healthy forest landscape (Dordel
et al. 2008; Axelson et al. 2009; Klutsch et al. 2009; Raffa et al. 2009) as an important
player in forest succession. During outbreaks, however, MPB will attack larger, healthier
trees with more robust defenses (Boone et al. 2011) and has the potential to move beyond
Pinus spp. into other members of the Pinaceae (Furniss and Schenk 1969; Huber et al.
2009; Rosenberger et al. 2017).
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The large-scale tree mortality associated with recent MPB activity has multiple
ecological and economic impacts, including a reversal of the essential role of forests from
carbon sinks to carbon sources, at least in the short term prior to regrowth (Hansen et al.
2015; Arora et al. 2016). Outbreaks can affect forest regeneration (Karst et al. 2015),
influence ecosystem services (Logan et al. 2010), and affect ignition and fire behavior in
complex ways (Hicke et al. 2012; Harvey et al. 2014; Hart and Preston 2020).
Large ongoing infestations impact forests on a landscape level and are capable of
altering local climates (Maness et al. 2012). Habitats that have coevolved with MPB are
resilient to MPB related deforestation, however, naive ecosystems are less capable of
rebounding from bark beetle related damage. The ability of MPB to alter meteorological
conditions, coupled with its current range expansion, make MPB an ecosystem engineer
on a global scale (Bunnell et al. 2011).
Traditional management strategies for MPB include one or a combination of
sanitation, insecticides, and semiochemicals (Fettig et al. 2014). Insecticide and
semiochemical treatment of individual trees works best on small-scale management areas
such as campgrounds and urban settings, focusing on prize trees or high value stands
(Fettig et al. 2018). Semiochemical lures can be used to create trap trees and monitor
populations, although again these strategies are limited to small and accessible areas
(Seybold et al. 2018). At the forest level the use of insecticides and semiochemical baited
traps are not cost effective (Fettig et al. 2007) and most common large-scale management
falls to strategies that include preventative thinning and controlled burns that are
conducted prior to outbreak initiation (Fettig et al. 2010; Fettig et al. 2014; Hood et al.
2016). In particular, salvage operations following an outbreak can negatively impact
forest resilience and regeneration (Dobor et al. 2020), and the removal of dead standing
trees may be detrimental to wildlife habitat and ecosystem readjustment (Dhar et al.
2016b; Saab et al. 2014). For these reasons, management strategies focusing on MPB and
other forest pests must embrace innovative approaches that utilize current advancements
in molecular biology and biotechnology.
An emerging approach to pest management uses gene silencing to cause insect
mortality by manipulating the cellular RNA interference (RNAi) pathway. RNAi is a
naturally occurring immune response in which the translation of protein from RNA is
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disrupted (Mack 2007; Dietrich et al. 2017). This process can be induced artificially by
introducing exogenous double stranded RNA (dsRNA) into an insect’s midgut either by
injection or through oral ingestion (Huvenne and Schmagge 2010; Yu et al. 2013). The
dsRNA contacts Dicer, an endonuclease that cleaves long double-stranded RNA in to
short-stranded RNA, or small interfering RNA (siRNA) (Song and Rossi 2017). These
siRNAs are then unwound by a multi-protein complex known as the RNA-induced
silencing complex (RISC). One strand is degraded (Qi and Hannon 2005) while the other
acts as a template by which RISC recognizes messenger RNA (mRNA) (Siomi and Siomi
2009), which is then cleaved by Argonaut, a protein within the RISC complex (Pratt and
Macrae 2009). Subsequently, the protein which the targeted mRNA coded for is not
produced and the function of the gene is silenced. The introduction of carefully targeted
dsRNAs can impact any aspect of insect physiology, and because the activation of the
RNAi pathway requires a precise match of at least 16 nucleotides (Chen et al. 2021), nontarget effects are rare, occurring primarily in congeneric species, if at all (Poreddy et al.
2017). With its success in agriculture, RNAi has recently begun to pique interest in forest
pest management research, with successes in gene silencing being demonstrated in
emerald ash borer (Zhao et al. 2015; Rodrigues et al. 2017a, 2018), and Asian longhorned
beetle, Anoplophora glabripennis (Rodrigues et al. 2017b).
Induction of the RNAi pathway via dsRNA ingestion has also been demonstrated
in the southern pine beetle, D. frontalis (SPB) (Kyre et al. 2019), a congeneric of MPB
causing widespread tree losses in southern forests. Three genes that code for proteins
necessary for basic cellular function and stress responses, heat shock protein (hsp),
shibire (shi), and inhibitor of apoptosis (iap), were evaluated. Both hsp and shi, but not
iap, are significantly silenced in SPB after introduction of in vitro synthesized dsRNA;
this is corroborated with near 100% mortality for the same two genes. Our current focus
is to demonstrate the RNAi pathway in MPB, evaluate its efficacy, and investigate its
utility as a tool in pest suppression in individual trees, and potentially, whole populations.
We evaluated the same three genes in MPB, hsp, shi, and iap, for silencing and
subsequent beetle mortality.
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3.3
3.3.1

Methods and Materials
Insects
An MPB-infested limber pine, P. flexilis James, was harvested from the Wasatch-

Cache National Forest near Logan, UT, and cut into bolts. Bolts were placed in growth
chambers set at 21 C and adult emergence monitored daily. Upon emergence, beetles
were separated by sex (Lyon 1958) and shipped on ice in standard petri dishes layered
with moistened filter paper to the University of Kentucky Forest Entomology Lab to
analyze the RNAi response. Once received, beetles were kept on ice until use, and all
assays were performed within 72 h of arrival.

3.3.2

RNA extraction, cDNA synthesis, and qPCR
Total RNA was isolated from adult MPB using TRIzol® Reagent (Life

Technologies, Carlsbad, CA), precipitated out using isopropanol, washed twice with 75%
EtOH, and resuspended in nuclease free water (autoclaved Mill-Q water, pH 6.998).
RNA integrity was verified using gel electrophoresis and absorbances measured at
260/280 and 230/ 280. Only RNA with absorbances of 1.8 – 2.2 at 260/280 and > 1.7 at
260/230 were used for cDNA synthesis. cDNA was synthesized using SuperScript™ III
Reverse Transcriptase (Invitrogen, Carlsbad, CA) according to manufacturer’s
instructions at a concentration of 1000 ng/ μL. A standard curve for qPCR was
constructed using a 5-fold dilution that began with a 1/25 dilution; the final dilution was
then chosen for gene expression analysis. Each qPCR sample contained 1 μL of 1000 ng/
μL synthesized cDNA (diluted 6.4 E-5), 0.2 μL of each primer (forward and backward)
(Table 3.1), 3.6 μL of nuclease free ddH2O, and 5 μL of SYBR Green PCR Master Mix
(Applied Biosystems, USA); totaling 10 μL. All reactions were performed using SYBR
Green Master Mix and amplified under the following cycling conditions using a
QuantStudio3 qPCR machine (Applied Biosystems, Beverly, MA): beginning cycle at 95
C, 40 cycles at 95 C for denaturation, followed with 30 s at 60 C for annealing and
extension, and ending with generation of a melting curve consisting of a single peak to
rule out non-specific product and primer dimer formations. Dissociation curve conditions
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were 1.6 C/s at 95 C for 15 s, followed by 1.6 C/s at 60 C for 1 m, and finished with
0.15 C/s at 95 C for 15 s.

3.3.3

dsRNA synthesis
Mountain pine beetle specific primers designed to target heat shock protein (hsp),

shibire (shi), and inhibitor of apoptosis (iap) genes containing a T7 promoter sequence
were used to amplify dsRNA templates (Table 3.2) under the following PCR conditions:
94 C for 4 min then held for 35 cycles of 30 sec, 60 C for 30 sec, then 72 C for 45 sec.
Finally, extension incubation took place at 72 C for 10 min. Resulting PCR templates
were purified using a Qiagen PCR purification kit (Qiagen, Germantown, MD) and
purified PCR was synthesized into dsRNA using T7 reverse transcriptase kit (Thermo
Scientific, Waltham, MA). The reaction mix was incubated 16 h at 37 C followed by 30
min of DNase treatment at 37 C. After DNase treatment, dsRNA was recovered using
0.1 Å~ volume of sodium acetate and 2.5 Å~ volume of 100% EtOH. dsRNA was then
washed twice with 75% EtOH and dried at 37 C to be resuspended in nuclease free
H2O. dsRNA quality was checked using electrophoresis and quantified using a
spectrophotometer (NanoDrop, Wilmington, DE) at absorbances of 260/280 and
260/230.).
3.3.4

Assays

To evaluate the effects of RNAi, adult MPB were exposed to dsRNAs targeting either
hsp, shi, and iap, or green florescent protein (gfp) as a control; gene expression was
evaluated at a single time interval (24 h), whereas survival was evaluated over 8 days.
Beetles were placed anteriorly in microcentrifuge tubes containing 2.5 μg/μL of either
MPB specific dsRNA or dsGFP. Enough solution was used to fully submerge the beetle
to the posterior end of the pronotum. In addition to oral ingestion, this allowed for
dsRNA absorption through sutures and any exposed membranes, without disrupting
oxygen uptake. A compressed kimwipe was then placed in the top of the tube to prevent
beetle movement (Figure 3.1). Tubes with treated beetles were placed in a dark for the
duration of the week-long assay. A one-way ANOVA was used to analyze beetle
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mortality, and Tukey’s test was used to evaluate differences between individual
treatments. Abbot’s formula was used to correct for mortality in the control treatment.
Beetles evaluated for gene silencing (a subsample of N = 6 per dsRNA treatment) were
collected 24 h after initial dsRNA exposure and processed immediately upon collection.
For statistical analysis of gene silencing, normality was evaluated using a Shapiro-Wilk
Test, and significance was measured using a Student’s one-tailed T-test (P < 0.05).
3.3.5

Gene expression analyses
For gene expression analysis, three technical replicates were run for each of the six

biological samples per treatment and measured using the mean Cq value. Data was
normalized using tubulin (Keeling et al., 2012) and ubiquitin (Aw et al., 2010) as
reference genes. Relative gene expression was analyzed using the 2−ΔΔCt method (Livak
et al., 2001) using the mean expression value of the two reference genes. For statistical
analysis of both gene expression and gene silencing, normality was evaluated using a
Shapiro-Wilk Test. A Student’s two-tailed T-test was used to evaluate significance (P <
0.05) of target gene expression between males and females. Statistical analysis of gene
silencing was measured using a Student’s one-tailed T-test (P < 0.05) as there was no
upregulation of target genes compared to the gfp control. qPCR primers for the three
target genes were designed using IDT primer building tools and validated using
correlation coefficients (R2) and amplification efficiencies (Eff) (Table 3.1). A desired
R2 is > 0.99 and acceptable amplification efficiencies fell between 90% and 110%.
Primers that did not meet R2 and amplification efficiencies were redesigned until
appropriate numbers were attained.

3.4
3.4.1

Insect Results
mortality
No mortality was observed in any of the three dsRNA treatments after the initial

24 h. After 4 days all MPB-specific dsRNA treatments experienced ~ 50% mortality
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relative to the gfp control. Beetles in the gfp control showed signs of a pathogenic fungal
infection on day 3, and notable mortality on day 5, likely due to the excessive moisture in
the assay chamber. Despite the fungal-induced mortality in the controls, there were
significant differences in mortality between the control and all dsRNA treatments (hsp,
shi, iap) (F3, 2 = 25.25, P < 0.0005) (Fig. 3.2). Seven days post-treatment, there was
nearly 100% mortality in all dsRNA treatments.
3.4.2

Gene expression
Female beetles demonstrated significantly higher expression of hsp than males

before dsRNA treatment (Fig. 3.3). Similarly, expression of iap and shi suggest slight
elevation in expression in female beetles relative to males, but those differences were not
significant.
3.4.3

Gene silencing
When female and male beetles were analyzed together, all target genes (hsp, shi,

iap) were significantly silenced 24 h after exposure to corresponding dsRNA treatments
when compared to the dsGFP control (Fig. 3.4). When analyzed by sex after dsRNA
exposure, both females and males demonstrated significant silencing in shi and iap
relative to the control. However, after exposure to dsHSP, only females demonstrated
significant silencing (Fig. 3.5).

3.5

Discussion
Bark beetles pose a significant threat to the sustainability and function of conifer

forests globally, causing widespread tree mortality and timber loss, altering susceptibility
to wildfire and wildlife habitat, and raising concerns associated with their role as global
carbon sinks mitigating the effects of climate change. Increasing temperatures (Raffa et
al. 2009), altered precipitation regimes (Kolb et al. 2016), and forest fragmentation
exacerbate these issues, making it essential that we develop innovative approaches for
bark beetle management (Dobor et al. 2018).
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Utilizing novel molecular techniques may expand our management toolbox. Here
we show that exogenous dsRNA targeting MPB housekeeping genes to activate the RNAi
pathway silences target genes and causes 100% beetle mortality, demonstrating
tremendous potential for its use in managing bark beetle populations. Our gene
expression results show significant silencing of hsp, shi, and iap, corroborating results of
the mortality assays. This high mortality rate demonstrates that, similar to SPB (Kyre et
al. 2019), MPB is especially sensitive to the effects of exogenous dsRNA, and implies
that the delivery method used here, a combination of ingestion and absorption, is highly
efficient. Our findings suggest that hard-bodied scolytinae may uptake exogenous dsRNA
through membranous sutures. To date, uptake via topical application has been studied
most thoroughly on soft bodied insects such as aphids (Niu et al. 2014) or honeybee
larvae (Aronstein et al. 2006). Topical application has not been evaluated in adult
coleopterans, in part because of their chitinous exoskeleton, but also presumably because
dsRNA molecules are taken into the gut cells from the gut lumen (Huvenne and
Schmagge 2010) which is more likely to come into contact with dsRNA introduced
through ingestion (Yu et al. 2013). Uptake of dsRNA through means other than ingestion
creates tremendous potential for deployment (Baum et al. 2007; Burand and Hunter 2013;
Baum and Roberts 2014; Cagliari et al. 2019).
Ours is the first report of elevated expression of endogenous heat shock proteins
in unstressed female insects, though higher expression of heat shock proteins in females
has been reported in stressed insects (Shu et al. 2011; Wang et al. 2014), and in animals
(Voss et al. 2003; Takahashi et al. 2010). Heat shock proteins are generally recognized
for their roles in environmental stress responses (Cai et al. 2017; King and Macrae 2015),
but they may also play important roles in reproduction (Neuer et al. 2000). This would
explain the elevated expression we observed, as our experimental insects were not
experiencing stress due to abiotic factors imposed after the dsRNA treatment. Our
findings are corroborated by the discovery of differential expression of a sex-linked
inhibitor of apoptosis gene between male and female MPB in the absence of the common
northern neo-x allele (Horianopoulos et al. 2018). Clearly additional insect species should
be assessed, and moving forward, variation in gene expression and dsRNA sensitivity
between males and females should be fully evaluated and considered when selecting
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target genes for forest pest management. An understanding of sex-specific differences in
gene expression and gene silencing is essential to the success of potential deployment of
RNAi technology in this system.
Future efforts will involve the development of mass deployment strategies
effective for forest level protection. Exploiting plant-insect and/or plant–microbe
interactions could provide an avenue for self-sustainable and/or less labor-intensive
deployment, potentially increasing efficacy and reducing the costs of large scale,
landscape level management. For example, by exploiting the symbiotic relationships
between bark beetles and their fungal symbionts, fungi could be used to vector beetle
targeting dsRNAs. Similarly, phoretic mites could play a role in vectoring dsRNAs. A
self-perpetuating system would enable this technology to be driven into a pest complex to
maintain populations at endemic levels (Cagliari et al. 2019). If used proactively to
inhibit outbreaks, RNAi technology could reduce the labor needed for reactive responses
to infestations, which in turn would reduce management costs and free up resources for
other aspects of integrated forest management (Hunter and Sinisterra-Hunter 2018;
Cagliari et al. 2019; Fletcher et al. 2020; Rodrigues and Petrick 2020; Christiaens et al.
2020).
Future research will also investigate the efficacy of alternate target genes. Optimal
target genes need not lead to outright mortality, as RNAi can affect multiple aspects of
insect physiology, providing various avenues for insect suppression that could include
reducing fecundity, altering metabolism, or disrupting chemical communication. Altering
the beetles’ ability to detoxify monoterpenes could maintain populations at more
manageable levels by limiting their ability to colonize new areas or exploit additional
hosts. Similarly, silencing genes associated with pheromone reception could reduce mate
finding or aggregation success. Acceptance and implementation by land managers of
emerging biotechnologies such as RNAi could help protect trees threatened by eruptive,
invasive and native insect species, contributing to great resiliency of our forests in the
face of a rapidly changing climate.
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Table 3.1 Primer sequences for gene expression analysis after adult MPB exposure to
dsRNAs using qPCR.
Gene
tub
ubiq
hsp
shi
iap

Primer Sequence
F: CCAGATTGGAGCTAAGTTTTGG
R: ACCGGATGCTTCGTTGTAAT
F: AAGTTGCAGGATGCAGATCTTC
R: GGGGATTCCTTCTTTGTCCT
F: CCGACGAAGACAAAAAGCTC
R: GATGGCTTCTTCCATCTTGG
F: ACAAGGGCATCTCCAACATC
R: ATGTTCCGGATCTGTTGCTC
F: TAATAGTCGTTCGCGTGCTG
R: GTCTTCGGGCACTGAATTTG
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R2

%Eff

Amplicon (bp)

0.99

95.44

127

0.99

95.76

120

0.99

100.89

149

0.99

96.7

142

0.99

91.24

76

Table 3.2 Primer sequences for dsRNA synthesis of MPB-specific hsp, shi, and iap. A
T7 promoter sequence (TAATACGACTCACTATAGGG) was attached to the front end
of each dsRNA primer sequence.
Gene
hsp
shi
iap

Primer Sequence
F:
R:
F:
R:
F:
R:

GTGCAGCAACTGGTCAAAGA
GTCTTTGGTCATGGGACGTT
TAGATCGGTGTCAGTTCCCC
GCGAGCGCGTTTTCTATTAC
GTCCCGCTCATCCAGATAAA
TTTTGCCTCTTTCGCACTTT
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Amplicon (bp)

AN

315

XM_019906798.1

342

XM_019910372.1

341

XM_019910372.1

Figure 3.1 Adult beetle in MPB-specific dsRNA solution submerged to posterior end
of pronotum.
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Figure 3.2 Adult MPB survival after 12 h exposure to 2.5 μg/μL of dsRNA. Significant
mortality was observed after day 4 for all three treatments relative to the dsGFP control
(ANOVA, F3, 2 = 25.25, P < 0.0005).
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Figure 3.3 Relative expression of hsp, shi, and iap in female (F) and male (M) adult MPB
before dsRNA exposure. Relative expression of hsp by female beetles is significantly
higher than that of males (t-test, two tailed, P < 0.05), but the relative expression of shi
and iap does not differ between sexes (t-test, two tailed, P value: shi P = 0.12, iap P =
0.59).
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Figure 3.4 Following 12 h exposure of adult MPB to 2.5 μg/μL of dsRNA, there is
significant silencing of hsp (t-test, one tailed, P = 0.0001), shi (P = 0.019), and iap (P =
0.02) relative to the dsGFP control.
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Figure 3.5 Female MPB demonstrate significant silencing of hsp 24 h after dsRNA
exposure (t-test, one tailed, P < 0.05); male beetles do not (t-test, one tailed, P = 00.31).
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4

USING RNAI TO SILENCE HEAT SHOCK PROTEIN HAS CONGENERIC EFFECTS IN NORTH
AMERICA’S DENDROCTONUS BARK BEETLES

This chapter is published as Kyre BR, Rieske LK. Using RNAi to silence heat shock
protein has congeneric effects in North America’s Dendroctonus bark beetles. Forest
Ecology
and
Management.
2022
Sep
15.
520:
120367.
https://doi.org/10.1016/j.foreco.2022.120367

4.1

Summary
Losses associated with forest pest outbreaks are increasing at an alarming rate,

exacerbated by fluctuating climate patterns, and unimpeded by traditional management
approaches that fail to keep pace with growing pressures. Future forest pest management
strategies demand augmentation with next generation approaches. RNA interference, or
RNAi, is a naturally occurring eukaryotic immune response to viral infection that works
by disrupting the translation of mRNA into protein and can be manipulated to cause
insect mortality through the introduction of carefully designed dsRNAs. The effective
induction of the RNAi pathway depends on the exact match of a sequence at least sixteen
nucleotides in length, making non-target effects unlikely. Thus, RNAi is increasingly
praised as a species-specific pest management approach. The southern pine beetle (SPB),
Dendroctonus frontalis, and its congener, the mountain pine beetle (MPB), D.
ponderosae, are highly destructive forest pests endemic to North and Central America
experiencing unprecedented range expansions, with extensive impacts on affected
ecosystems. We have demonstrated that oral ingestion of specific dsRNAs induces gene
silencing via RNAi and causes rapid and significant mortality in both SPB and MPB.
Here we evaluate the ability of dsRNAs targeting SPB to affect gene expression in MPB,
and the ability of dsRNAs targeting MPB to affect gene expression in SPB. We found
that species-specific dsRNAs designed for gene silencing in one species can silence genes
in the reciprocal species, offering the potential for development of RNAi as a
Dendroctonus-specific management tool against rapidly expanding bark beetle
populations.
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4.2

Introduction
Dendroctonus bark beetles pose a menacing threat to conifer forests, and in North

America the southern pine beetle, D. frontalis (SPB), and mountain pine beetle, D.
ponderosae (MPB), are responsible for catastrophic economic and ecological losses.
Increasingly erratic weather patterns and a history of inconsistent silvicultural practices
have allowed for devastating and persistent outbreaks within their native ranges and are
facilitating invasion into naïve forests far outside of their endemic ranges. Furthermore,
silvicultural practices such as early harvesting, thinning, and creation of discrete
boundaries can significantly decrease the carbon sequestration capacity of forested areas.
The shortcomings of current IPMs strategies for management of Dendroctonus bark
beetles makes them prime targets for innovative and aggressive management strategies
that are both taxonomically specific and less taxing ecologically. RNA interference is one
such innovative strategy that is being touted as a next generation pest control tactic
(Rodrigues and Figueira 2016).
RNA interference (RNAi) is a naturally occurring antiviral response mechanism in
which the presence of viral double stranded RNA (dsRNA), initiates a pathway by which
the RNA induced silencing complex (RISC) recognizes, cleaves, and degrades
complimentary viral messenger RNA prior to translation and construction of critical
proteins (Joga et al. 2016; Allen 2017), thus silencing gene function and preventing viral
infection. Investigation into the artificial activation of the naturally occurring pathway to
eliminate gene products began in 1990 (Napoli et al. 1990), with its potential for pest
management recognized in 2007 for control of the cotton bollworm (Mao et al. 2007) and
western corn root worm (Baum et al. 2007), and eventually the Colorado potato beetle
(Zhu et al. 2011). In pest management, the RNAi pathway is artificially induced through
the introduction of in vitro synthesized dsRNA, which simulates viral RNA but is
designed to target specific insect genes (Vogel et al. 2019). Genes targeted by RNAi are
those which serve to promote basic cellular functions, and when arrested, lead to
mortality or a reduction in fitness (Huvenne and Smagghe 2010; Yu et al. 2012). RNAi
technology is touted for its high rate of specificity as the activation of the RNAi pathway
requires a precise match of at least 16 nucleotides (nt) or a less homologous sequence of
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at least 25 nt (Chen et al. 2021), making non-target effects rare, but not impossible. When
they occur, non-target effects include overloading an insect’s RNAi machinery causing
interference with cellular processes (Flenniken and Andino 2013), immune stimulation
(Lu & Liston 2009) as seen in honeybees (Nunes et al., 2013), and gene silencing
(Mogren & Lundgren 2017). Gene silencing in congenerics has also been documented,
such as when Manduca sexta specific dsRNAs silenced homologous genes in M.
quinquemaculata (Poreddy et al. 2017).
The efficacy of RNAi as a pest management tool has been demonstrated in both
SPB and in MPB, wherein the ingestion of exogenous dsRNAs resulted in near one
hundred percent mortality for both species (Kyre et al. 2019; Kyre et al. 2020) and the
most recent study to apply RNAi to a Dendroctonus system evaluated capa peptide
receptor genes in D. armandi (Fu et al. 2022), and although the study focused on gene
function rather than pest management, it further emphasizes the efficacy of RNAi in
Dendroctonus spp. The genes targeted in the SPB and MPB studies, heat shock protein
(hsp), shibire (shi), and inhibitor of apoptosis (iap), are crucial to cellular function, and
thus highly conserved. If targeted genes are sufficiently similar at the nt level, the
potential for cross species non-target effects is considerable (Roberts et al. 2015;
Rodrigues and Petrick 2020). Because of this, we evaluated reciprocal effects of speciesspecific dsRNAs on each respective congener. Specifically, we exposed SPB to dsRNA
developed for MPB, and we exposed MPB to dsRNA developed for SPB. Following
exposure, we analyzed gene expression and directly compared the target gene sequences.
Finally, we investigated in silico identification of potential non-target binding of
additional closely related Dendroctonus species as well as species that exhibit range
overlap with SPB and/or MPB.

4.3
4.3.1

Methods and Materials
Insects
SPB were collected from loblolly pine, P. taeda, bark harvested from heavily

infested areas undergoing outbreaks in the southeastern United States. Bark was shipped
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on ice and stored in total darkness at 4 C for one week. To extract beetles, infested bark
was placed in darkened 2 L emergence chambers with a clear 25 mL collection tube at
one end. Chambers were held in constant light at 23 C, and collection tubes were
monitored daily. All bioassays were completed within 48 h of adult beetle emergence.
MPB were collected from limber pine, P. flexilis, harvested from the WasatchCache National Forest near Logan, UT. Bolts were placed in incubation chambers set at
21 C and adult emergence was monitored daily. Upon emergence, beetles were
separated by sex (Lyon 1958) and shipped on ice in standard petri dishes layered with
moistened filter paper to the University of Kentucky Forest Entomology Lab. Beetles
were kept on ice, and all assays were performed within 72 h of beetle arrival.
4.3.2

dsRNA synthesis
Total RNA was isolated from whole adult beetles for cDNA synthesis using

Trizol reagent (Life Technologies, Carlsbad, CA). SPB specific primers were used to
amplify dsRNA templates targeting SPB, and MPB specific primers were used to amplify
dsRNA targeting MPB. Primers for each species (Table 1) were designed to target heat
shock protein (hsp), shibire (shi), and inhibitor of apoptosis (iap) genes under the
following PCR conditions: 94 C for 4 min then held for 35 cycles of 30 sec, 60 C for 30
sec, then 72 C for 45 sec. Lastly, extension incubation took place at 72 ◦C for 10 min.
The quality PCR was checked using electrophoresis (Supplementary file) and quantified
with a spectrophotometer at absorbances of 260/280 and 260/230. PCR products were
purified using a Qiagen PCR purification kit (Qiagen, Germantown, MD) and purified
PCR was synthesized into dsRNA using T7 MEGAscript RNAi Kit (Thermo Scientific,
Waltham, MA). The reaction mix was incubated 14 h at 37 C followed by 30 min of
DNase treatment at 37 C. After DNase treatment, dsRNA was recovered using 0.1 ×
volume of sodium acetate and 2.5 × volume of 100% EtOH. dsRNA was then washed
with 75% EtOH and dried at 37 C to be resuspended in nuclease free H2O. The quality
of resuspended dsRNA was checked using electrophoresis (Supplementary file) and
quantified with a spectrophotometer at absorbances of 260/280 and 260/230.
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4.3.3

Assays
To expose adult SPB to MPB specific dsRNA, adult SPB (N = 5 per treatment)

were fed 1 μL of 10 μg/μL dsRNA in a 1% sucrose solution or a dsGFP (green
fluorescent protein) control following established protocols (Kyre et al. 2019). Green
fluorescent protein exists only in jellyfish and therefore cannot be silenced in insects
(Zimmer 2002), thus it’s use as dsRNA control treatment. Droplets were deposited on a
plastic vertically oriented surface and adult beetles were placed mouth first into the
droplet. Slight pressure was applied to the head in order to stimulate feeding, and beetles
were held in place until the entire drop was consumed. Following ingestion, beetles were
placed in 100 mm petri dishes layered with moistened filter paper and stored in a
darkened 23 C incubator for 24 h, after which total RNA was isolated from each
individual beetle. To expose adult MPB to SPB specific dsRNA, adult MPB (N = 8 per
treatment) were placed anteriorly in microcentrifuge tubes containing a 2.5 μg/μL dsRNA
solution or a dsGFP control, with enough solution to fully submerge the beetle up to the
posterior end of the pronotum (Kyre et al. 2020), allowing for dsRNA absorption through
dermal membranes in addition to ingestion. As beetles vary in size, exact amount of
dsRNA solution varied from 2 to 5 μL. A compressed kimwipe was then placed in the top
of the tube to prevent beetle movement. Tubes with treated beetles were placed in a
darkened incubator at 23 C. After 12 h, beetles were removed from the dsRNA
containing tubes and placed in 100 mm petri dishes lined with moistened filter paper and
returned to the incubator. After a total of 24 h, total RNA was isolated from each
individual beetle.
4.3.4

Gene silencing

4.3.4.1 qPCR
Total RNA was isolated from individual adult SPB and MPB using TRIzol®
Reagent. RNA quality and integrity were verified using spectrophotometer absorbances
measured at 260/280 and 260/230 and gel electrophoresis. Only samples with 260/280
absorbances falling between 1.8 and 2.2, and 230/280 absorbances >1.7 were used in
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cDNA synthesis. MMLV reverse transcriptase (Invitrogen, Carlsbad, CA) was used to
synthesize cDNA at a concentration of 750 ng/μL. A quantitative PCR (qPCR) standard
curve was constructed using a 5-fold dilution set and a dilution of 1/25 was chosen for
gene expression analysis of SPB. For MPB, the standard curve was again constructed
using a 5-fold dilution, but the series began at 1/25 and the final dilution was chosen for
qPCR analysis. Each qPCR sample contained 1 μL of cDNA, 3.6 μL of nuclease free
ddH2O, 0.2 μL each of a species-specific forward and reverse primer (Table 2), and 5 μL
of SYBR Green Master Mix (Applied Biosystems, Waltham, MA).

4.3.4.2 Gene silencing analysis
Analysis of gene expression was performed using qPCR. Three technical
replicates were run for each biological sample per treatment. Relative gene expression
was analyzed using the 2-ΔΔCt method (Livak and Schmittgen 2001). Cq values were
normalized using the geomean expression value of two reference genes for each beetle
species: ribosomal protein S18 and elongation factor – 1 alpha for SPB (Kyre et al.
2019), and tubulin and ubiquitin for MPB (Fraser 2011). Statistical analyses of gene
expression data were evaluated with R studiov1.1.456 using a two-sample t-test assuming
equal variance with P < 0.05 indicating significance. Data normality was verified using a
Shapiro-Wilk test.
4.3.5

Pairwise alignments of target genes
EMBOSS stretcher (Madeira et al. 2019) was used to create an optimal pairwise

sequence alignment between reciprocal target genes using a modified NeedlemanWunsch algorithm. For scoring, EDNAFULL matrix was used, with gap penalties set to
10.0 and extension penalties set to 0.5. FASTA sequences for all genes were attained
from GenBank. After alignment construction, primer sequences were searched within the
alignments to determine whether nt matches required for gene silencing were present, and
the longest homologous nt sequence was recorded.
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4.3.6

Multisequence alignments of rps28
To evaluate the potential for non-target effects in closely related Dendroctonus

species and in those with overlapping geographic ranges, ribosomal protein S28 (rps28)
gene was chosen for in silico analysis. The gene was chosen due its use as a
housekeeping gene and the high number of Dendroctonus species with available rps28
sequence data. The analysis of close relatives to SPB were performed on D.
approximatus and D. mexicanus, whereas D. jeffreyi was analyzed as the close relative of
MPB. Dendroctonus adjunctus, D. psuedotugae, and D. rufipennis share overlapping
ranges with both SPB and MPB while D. terebrans overlaps solely with the range of
SPB. Optimal multiple sequence alignments were performed using Clustal Omega 1.2.4
(Madeira et al. 2019). FASTA sequences for all genes were attained from GenBank.

4.4
4.4.1

Results
Gene silencing
Exposure of adult SPB to MPB-specific dsHSP resulted in significant (P < 0.05)

silencing of the hsp genes when compared to beetles exposed to dsGFP; exposure of
MPB to SPB-specific dsSHI and dsIAP did not silence the targeted genes (Fig. 1a).
Exposure of adult MPB to SPB-specific dsHSP also resulted in significant silencing of
the hsp gene when compared to beetles exposed to dsGFP. Unlike SPB exposed to MPB
specific dsSHI, adult MPB exposed to SPB specific dsSHI demonstrated significant
silencing of the shi gene when compared to the control. Exposure to dsIAP did not
significantly silence targeted iap (Fig. 1b).
4.4.2

Pairwise alignments of target genes
Pairwise alignments of all target genes resulted in high degrees of similarity and

identity between SPB and MPB, with iap showing the highest percentage (>91%),
followed by hsp and then shi (Table 3). Primer sequences used in dsRNA synthesis show
partial matching between species (Table 4). All primer sequences for hsp target genes
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matched sufficiently for mRNA binding. SPB shi primer sequence matches in MPB are
exact or near exact, while MPB primer sequences targeting shi occur in areas of the target
gene not aligned to SPB. Sequence searches for iap dsRNA primers were suboptimal for
binding SPB targeting dsIAP to MPB, and only the forward MPB dsIAP primer
demonstrated matching, which was also suboptimal, having analogous sequences only
16–18 nt in length.
4.4.3

Multisequence alignments of rps28
The multiple sequence alignment of rps28 also demonstrates a high degree of

similarity (Fig. 2), and the longest fully conserved sequence between all species
evaluated was 59 nt in length. Notably, the percent identity was above 90% for each
species (Fig. 3).

4.5

Discussion
Heat shock proteins play important roles in stress responses and development and

are essential for insect survival, thus, the genes regulating their production are highly
conserved (Sørensen et al. 2003; Zhao and Jones 2012; Paim et al. 2016; Farahani et al.
2020). Both SPB and MPB demonstrate significant sensitivity to dsRNAs targeting the
hsp gene (Kyre et al. 2019, Kyre et al. 2020). When exposed to the reciprocal dsRNA,
i.e., SPB exposed to MPB-specific dsHSP and MPB exposed to SPB-specific dsHSP,
both species show significant sensitivity to the dsRNAs targeting the hsp gene. While the
global alignment of the sequences used to design the hsp primers for each species are
similar, the most important aspect corroborating gene silencing is the exact or near exact
match of both forward and reverse dsHSP primer sequences that allow for recognition
and anchoring of primers on either end of the dsRNA strand. These results are similar to
those of Bachman et al. (2013) who demonstrated that a shared sequence length ≥ 21 nt
resulted in significant non-target effects between two chrysomelid leaf beetles, the
western corn root worm, Diabrotica virgifera virgifera, and the Colorado potato beetle,
Leptinotarsa decemlineata. In MPB, heat shock proteins play a key role in overwintering,
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increasing expression during colder months (Robert et al. 2016) and after feeding (Pitt et
al. 2014). Though the specific roles of heat shock proteins in SPB have not been fully
investigated, presumably they function similarly, as SPB inhabits a broad geographic
range (Price et al. 1998; Armend´ariz-Toledano & Zúñiga 2016; Clarke et al. 2016) and
encounters a similar suite of host defenses during feeding (Hodges et al. 1985; Byers
1995).
Sequence alignment for the dsSHI primer design also corroborates our gene
expression results. Both SPB and MPB have demonstrated sensitivity to dsRNAs
designed to silence shi genes. However, since the dsSHI primers designed for MPB fall
within an area of the gene sequence that does not overlap with that of SPB, presumably
the 300 bp strands of dsRNA had insufficient sequences with which to bind. The dsSHI
primer sequences designed for SPB however, were identified within the MPB sequences,
resulting in the binding and subsequent silencing of the gene. Like hsp, shi is also highly
conserved in insects. Shibire genes code for dynamin proteins which play an important
role in synaptic transmission (Guha et al. 2003; Marato et al. 2011; Kroll et al. 2015),
though their roles in bark beetles specifically have not been investigated.
Inhibitor of apoptosis (iap) genes are also highly conserved, and iap is believed to
facilitate overwintering in MPB (Robert et al. 2016; Horianopoulos et al. 2018). MPB is
sensitive to dsIAP, whereas SPB is not. Given that SPB specific dsRNA fails to silence
its targeted gene in SPB, it appears that iap is not an optimal target gene under the
parameters of our study. Successful silencing in SPB may require a longer exposure time
or the use of additional dsIAP fragments. Within the constraints of this study, however,
differences in insect physiology could be one explanation of why silencing of iap was not
observed, as the sensitivity of Curculionidae to dsRNAs can be highly variable (Willow
and Veromann 2021). As the induction of the RNAi pathway is largely dependent on the
matching of primer sequences, complimentary matching may be indicative of overall
homology between dsRNA fragments and the target gene. After alignment, sequence
similarity between iap genes was the highest of the three genes evaluated, but three of the
four primer sequences were only partially complimented in the reciprocal species. SPB is
multivoltine while MPB is univoltine; SPB does not enter a true diapause whereas MPB
does, thus the role and importance of the particular iap targeted may differ as the gene is
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upregulated during diapause in MPB (Weir 2008; Robert et al. 2016; Horianopoulos et al.
2018). There are multiple proteins within the iap family (Verhagen et al. 2001), and it is
possible that the specific gene selected for use in our studies codes for a protein not
necessary to basic life functions of SPB. The lack of information on the role of iap in
SPB beyond that of its general function in stress responses prevents a full understanding
of the implications of our findings and demonstrates that additional investigation into
gene function in SPB is warranted.
Previous studies in SPB and MPB have demonstrated that silencing hsp and shi can
lead to significant mortality following ingestion of appropriate dsRNAs (Kyre et al. 2019;
Kyre et al. 2020), therefore this study focused solely on the potential for knockdown in
congenerics. Additionally, Dendroctonus spp. cannot be lab reared and experimental
design is limited by beetle availability, which is heavily dependent on time of year,
weather patterns, and the presence of active infestations. However, the physiological
effects, both lethal and sublethal, of non-target silencing should and will be investigated
in the future.
The most current phylogeny of Dendroctonus based on morphological
characteristics and analyses of COI DNA places SPB and MPB within the same clade,
but in separate subgroups (Víctor & Zúñiga 2016), denoting significant distance between
the two species. However, congenerics within each of the subgroups show a high degree
of relatedness to either species. MPB is most closely related to the Jeffrey pine beetle, D.
jeffreyi, whereas SPB is most closely related to the newly described D. mesoamericanus
(Armendáriz-Toledano et al. 2015), and the Mexican pine beetles (XPB), D. mexicanus,
D. approximatus and D. vitei. These congenerics are more closely related to SPB than is
MPB, and they also demonstrate significant host, spatial, and temporal overlap with SPB
(Zúñiga et al. 1995; Moser et al. 2005; Anducho-Reyes et al. 2008; ArmendárizTolendano et al. 2015; Victor & Zúñiga. 2016).
The multiple sequence alignment of rps28 revealed a > 90 %ID, across all nine
species; this high degree of similarity is expected between SPB and its closely related
congenerics, and MPB and D. jeffreyi. It is more surprising, however, to see that the
distantly related D. adjunctus, D. psuedotugae, D. rufipennis, and D. terebrans were also
highly similar, indicating that members of the genus Dendroctonus, especially those
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whose ranges include southeastern and western North America and Central America, are
at substantial risk of being affected by species-specific dsRNAs designed for their
congenerics. As more genomic data becomes available for the Dendroctonus genus, a
complementarity-based approach such as Taning et al. (2021) could pinpoint exactly how
many siRNAs could potentially be generated to produce non-target effects. That said,
given the high degree of similarity between the species tested it is clear that there is a
high likelihood of non-target effects and special considerations should be taken when
designing primers for dsRNAs. The current targeted amplicons were over 300bp in
length, potentially creating approximately 13 siRNAs capable of binding to non-target
regions. Targeting consecutively smaller amplicons in less conserved regions of a target
gene could decrease the number of available siRNAs and mitigate some non-target
effects. Though SPB and MPB have undergone persistent outbreaks and range expansion,
the other endemic congeners persist in stable populations maintained by natural enemies,
host defenses, and abiotic conditions; they play a key role in forest succession by
promoting the growth of non-host hardwoods (Schowalter 2012), and their decline would
erode the ecosystem services they provide.
However, while the reciprocal non-target effects between SPB and MPB may pose
a threat to congenerics in their southern ranges, they may provide benefits in expanding
ranges in northern latitudes. Historically SPB is an eruptive pest, leading to large-scale
disturbances and persistent outbreaks in its native range (Holmes 1991; Pye et al. 2011,
Hicke et al. 2016), as well as in its expanded range as far north as Maine USA (Dodds et
al. 2018; Maine DACF 2021). Similarly, eruptive MPB populations have expanded from
their native range, pushing eastward through British Columbia and Alberta to the edge of
the Alberta- Saskatchewan border (Wittische et al. 2019). With global heat extremes
becoming more intense and cold extremes becoming less intense (Menne et al. 2012;
Russo et al. 2014), the potential for the insects to further breach geoclimatic barriers is
increasing, and further northward expansion for SPB (Ungerer et al. 1999; Lesk et al.
2017; Heuss, et al. 2019) and eastward expansion for MPB (Sambraju et al. 2012; Janes
et al. 2014; Bentz et al. 2019) are projected. In the forecasted expanded ranges of SPB
and MPB, a genus specific approach may be highly beneficial to population management.
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A lack of suitable hosts will not present a barrier for either species, as both SPB
and MPB feed on a broad range of Pinus species (Payne 1980; Eidson et al. 2018), and
SPB has occasionally been reported in eastern hemlock, Tsuga canadensis, Norway
spruce, Picea abies, and red spruce, Pi. rubens (Hain et al. 2011). The area between SPB
and MPB invasion fronts is dominated by jack pine, P. banksiana, in which MPB has
been documented (Rosenberger et al. 2017). SPB has not been detected in jack pine, but
it has colonized Japanese black pine, P. thunbergia, and lacebark pine, P. bungeana,
demonstrating that it is fully capable of exploiting novel hosts. More worrisome still is
the documented colonization of hybrid lodgepole, P. contorta, x jack pine by MPB
(Cullingham et al. 2011); SPB may follow suit if jack pine is encountered (Dodds et al.
2018). Furthermore, SPB readily colonizes eastern white pine, P. strobus, which is highly
similar to western white pine, P. monticola (Hanover 1975).
Developing novel management strategies is becoming increasingly important as we
experience the mounting pressures of our changing climate, and the incursion of SPB and
MPB into rare pine ecosystems has increased pressure on already threatened
communities. The pitch pine barrens of the eastern United States currently facing
invasion by SPB represent a globally unique ecosystem supporting rare and endangered
species (NJFAC, 2006), as does the high elevation white pine stands in the western
United States (FWS, 2020) experiencing current outbreaks of MPB, which further
emphasize the demand for innovative approaches to forest pest management.
Furthermore, the current trajectories of both species’ expansion patterns suggest that,
though a worst-case scenario, the boreal forests of Canada could be a point of conversion.
Should this happen, a Dendroctonus- specific molecular approach, capable of targeting
both species while preserving natural enemy complexes, could be a powerful tool to
augment existing IPMs. Lastly, the complex nature of Dendroctonus systems and their
many moving parts provides the potential for multiple avenues of landscape level
deployment that go beyond traditional delivery methods such as root drenches or topical
application.
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Table 4.1 Primer sequences for dsRNA synthesis of SPB and MPB specific hsp, shi, and
iap. A T7 promoter sequence (TAATACGACTCACTATAGGG) was attached to the
front end of each dsRNA primer sequence.
Gene
SPB hsp
SPB shi
SPB iap
MPB hsp
MPB shi
MPB iap

Primer Sequence

Amplicon AN

F: ACACGCACACTCGTTCTCAC
R: TACGCGTACTCGCTGAAGAA
F: AGTTCGCCGTTGATGAAATC
R: TCGAGCAGGGCTTTATGTCT
F: TTTCGTTTGATGCTCGACTG
R: TCTTCGCCTGTCCTGTCTTT
F: GTGCAGCAACTGGTCAAAGA
R: GTCTTTGGTCATGGGACGTT
F: TAGATCGGTGTCAGTTCCCC
R: GCGAGCGCGTTTTCTATTAC
F: GTCCCGCTCATCCAGATAAA
R: TTTTGCCTCTTTCGCACTTT
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351

GAFI01018338.1

370

GAFI01018708.1

379

GAFI01016651.1

315

XM_019906798.1

342

XM_019910372.1

341

XM_019900326.1

Table 4.1 qPCR primer sequences for gene silencing analysis following exposure to
dsRNA.
Gene
SPB rps18
SPB ef1a
SPB hsp
SPB shi
SPB iap
MPB ubiq
MPB tub
MPB hsp
MPB shi
MPB iap

Primer Sequence

Amplicon

F: GCCCTCTTGTTCAAATCCAC
R: CTTAACGGCCATCAAAGGAG
F: TCCAAGAGGTGGGAATTCAG
R: GATCGTCGTTCAGGAAAAGC
F: TTGGGGATACGAGTTGAACC
R: GAGCGAAGTTCGAGGAATTG
F: TACTTCTTTTCGCGCTCCTC
R: GCATCCATAATCTGGGCATC
F: ATATCATTGGGTGGCAGGAG
R: GGCTCAACCGAATTCATCAC
F: AAGTTGCAGGATGCAGATCTTC
R: GGGGATTCCTTCTTTGTCCT
F: CCAGATTGGAGCTAAGTTTTGG
R: ACCGGATGCTTCGTTGTAAT
F: CCGACGAAGACAAAAAGCTC
R: GATGGCTTCTTCCATCTTGG
F: ACAAGGGCATCTCCAACATC
R: ATGTTCCGGATCTGTTGCTC
F: TAATAGTCGTTCGCGTGCTG
R: GTCTTCGGGCACTGAATTTG
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81
129
139
109
86
120
217
149
142
76

Table 4.3 Global alignment of the gene sequences used in the design of reciprocal hsp,
shi, and iap primers for the synthesis of SPB and MPB specific dsRNAs.
Gene

% Identity

Gaps

Score

hsp

(87.5%) 2043/2334

158/2334 (6.8%)

8987

shi

(75.2%) 2388/3174

668/3174 (21%)

12,015

iap

(91.3%) 1670/1829

60/1829 (3.3%)

9208
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Aligned Sequence
GAFI01018338.1
XM_019906798.1
GAFI01018708.1
XM_019910372.1
GAFI01016651.1
XM_019900326.1

Length
2335
3174
1829

Table 4.4 Evaluation of dsRNA primer sequence compliments between SPB and MPB.

Gene

hsp

shi

iap

Primer
SPB F
SPB R
MPB F
MPB R
SPB F
SPB R
MPB F
MPB
SPB F
SPB R
MPB F
MPB

Exact
(20/20)

Partial
(≥16/20)

Partial
(<16/20)

None
(0/20)

Longest
homologous
sequence (nt)

X
X (19/20)
X (19/20)
X (19/20)

74

X
X(17/20)

89

X(9/20)
X
X (16/20)
X(18/20)

86

X
X(16/20)
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Figure 4.1 24 h after dsRNA treatments designed to silence hsp, shi, and iap, (a) adult
SPB exposed to MPB targeting dsRNA demonstrated significant knockdown of the hsp
gene (t-test, one tailed, P = 0.013); but not shi (P = 0.402) and iap (P = 0.452), whereas
(b) adult MPB exposed to SPB targeting dsRNA showed significant knockdown in hsp (P
= 0.011) and shi (P = 0.001) but not in iap (P = 0.08).
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Figure 4.2 Multiple sequence alignment of rps28 for nine Dendroctonus species. Gaps
are represented with “-”, and “N” indicates nt was undetermined. Each solid vertical line
represents a sequence match across all 9 Dendroctonus species.
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Figure 4:3 Percent identification (%ID) from the multiple sequence alignment of rps28
for nine Dendroctonus species. *D. frontalis was used as the reference sequence.
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5

VARIATION IN RNAI SENSITIVITY IN THE SOUTHERN PINE BEETLE

This chapter has been submitted as Kyre BR, Dupuis JR, Zúñiga G, Rieske LK. Variation
in RNAi sensitivity in the southern pine beetle. Current research in insect science: insect
‘omics. 2022 Oct 25.

5.1

Summary
Variability in adaptive and innate immune responses among geographically distinct

populations of widely distributed insect species promotes phenotypic plasticity required
for colonization of differing environments. For example, the number of generations
multivoltine insects are capable per year is temperature dependent. This variability has
consequences for insect tolerance to biotic and abiotic stressors, increasing the potential
for geographic range expansion. Additionally, this variability, genetic or otherwise, could
have consequences for pest susceptibility to an emerging molecular approach to pest
suppression, that of RNA interference (RNAi). RNAi is a naturally occurring anti-viral
response that disrupts translation of mRNAs into proteins to silence genes. The use of
RNAi for gene silencing in forest pest management is in its infancy, but the approach is
highly species-specific, and could function as a pest-specific tool for management of
significant forest pests. The efficacy of RNAi has been demonstrated in localized
populations of southern pine beetle (SPB), Dendroctonus frontalis. Here we evaluate
geographically disparate populations of SPB for their susceptibility to dsRNAs designed
to target the same hsp and iap genes and demonstrate differences in response between
and within geographically distinct populations. These findings highlight the need for a
deeper understanding of intraspecific genetic variation to facilitate the use of RNAi as an
innovative, safe management strategy for SPB, as well as forest insect pests more broadly.

5.2

Introduction
Differences in geography, climate, and biotic interactions throughout the range of

broadly distributed species can create variable selection pressures on populations. The
considerable pressures created by differing climates, pathogens, and host variability
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across a species’ range can produce tremendous potential for adaptation which allows
organisms to successfully establish and proliferate (Laverge and Molofsky 2007). These
genetic changes, and those not encoded by DNA that contribute to population success,
could impact emerging molecular-based management strategies.
One such molecular based management strategy potentially impacted by genotypic
variation and already in use in agriculture is RNA interference or RNAi; a pioneering
approach to pest management that makes use of a naturally occurring regulatory mechanism
and antiviral response. The RNAi pathway is induced by the presence of exogenous double
stranded RNA (dsRNA) that inhibits the translation of RNA into protein (Mack 2007), thus
preventing gene function. Through careful selection, the introduction of laboratory
synthesized dsRNAs can impact various aspects of insect physiology (Pratt and MacRae
2009) while theoretically minimizing non-target effects (Poreddy et al. 2017), as a precise
match of at least 16 nucleotides (nt) or a near perfect match of 25 nt or more is required for
RNAi pathway activation (Chen et al. 2021), making the approach more specific, and with
fewer ecological consequences than conventional pesticides. Physiological responses to
changes in environment, diet, or stress may present a hurdle for widespread effective
deployment of RNAi technology if adaptive immune responses or regulatory elements vary
among geographically disparate insect populations.
The use of RNAi is progressing as a tree protection strategy. Its efficacy has been
demonstrated in multiple forest pests, including emerald ash borer, Agrilus planipennis
(Rodrigues et al. 2017; Pampolini et al. 2020), Asian longhorned beetle, Anoplophora
glabripennis (Rodrigues et al. 2017; Dhandapani et al. 2020), the southern pine beetle, D.
frontalis Zimmerman (SPB) (Kyre et al. 2019; Hollowell and Rieske 2022), and the
congeneric mountain pine beetle (MPB), D. ponderosae (Kyre et al. 2020). These forest pests
have demonstrated impressive phenotypic plasticity to overcome novel biotic and abiotic
challenges across their ranges; this plasticity could manifest itself as physiological or
transcriptional changes in immune response that could affect the efficacy of any suppression
approach reliant on gene silencing using RNAi.
In SPB’s native range of the southern United States and Central America, large-scale
disturbances caused by outbreaks and their management have impacted millions of hectares
of conifer forests. These impacts include changes in forest composition and structure due to
direct tree mortality, alterations in successional trajectories due to increased light availability
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and competition for growing space, alterations in rates of decomposition and nutrient cycling,
effects on biodiversity (Pacala et al. 1984; Coleman et al. 2008), and changes in hydraulic
processes that influence water quality and quantity (Tchakerian and Coulson 2011). The
impacts of SPB outbreaks and associated management could intensify as current and
projected climactic shifts increase susceptibility to beetle attacks. Conifer tree defenses are
compromised by increasingly erratic temperatures (Raffa et al. 2009) and precipitation
patterns (Kolb et al. 2016). Furthermore, higher annual temperatures reduce temperature
constraints on insect development, which have allowed for the unprecedented northward 68
expansion that most recently extends as far north as Maine and New Hampshire (MFHMD
2022) where it is considered an invasive forest pest. Proof of concept studies of RNAi in SPB
demonstrated that oral ingestion of selected dsRNAs results in consistent knockdown of
target genes, inducing rapid mortality in beetles collected from the southeastern USA (Kyre
et al. 2019).
Intraspecific genetic variability in SPB has long been a topic of investigation with no
consensus on the extent of genetic subdivision and/or variation (Anderson et al. 1979;
Roberds et al. 1987; Havill et al. 2019). Research showing clear differentiation between
geographically distinct populations in the Appalachian region of the US (Schrey et al. 2011)
contradict a study revealing a weak spatial-genetic structure within the southeastern US but
strong evidence of genetic variation between southeastern populations and more distant
populations collected in Arizona and Mexico (Garrick et al. 2021). Methodological
differences such as population density at the time of collection and the number of sampling
locations could account for differing conclusions but demonstrates that there is still much to
be learned about SPB genetics and the impacts of variable environmental pressures on
immune responses. This enigma has implications with respect to the use of RNAi technology
as a potential management application.
Here we investigate the efficacy of dsRNAs to initiate gene silencing in two
geographically distinct SPB populations (Figure 5.1): (i) beetles collected in New York,
USA, and (ii) beetles collected in central Mexico and compare them to data from the initial
RNAi study that tested beetles collected in Louisiana, USA. Kyre et al. (2019) demonstrated
that dsRNA ingestion can cause gene knockdown resulting in rapid and extensive SPB
mortality. This study focuses solely on dsRNA efficacy to induce knockdown. Assessing how
the effects of climactic variability and host differences experienced by geographically distinct
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populations may impact technology that relies on genetic homogeneity is foundational to
successful deployment of next generation tools to address bark beetle management.

5.3
5.3.1

Material and Methods
Experimental beetles
We evaluated the RNAi response in beetles collected from populations at the

northern edge of the geographic range of SPB in New York (SPBNY) and in populations
from central Mexico (SPBMEX). SPBNY beetles were obtained from infested bark of pitch
pine, Pinus rigida, acquired from Long Island, NY (40°57'19.5"N 73°07'24.2"W). Bark
was shipped on ice and stored in darkness at 4°C. To rear beetles from infested bark, the
bark was placed in darkened 2 L emergence containers held at 23°C, fitted with a clear 25
mL collection tube at one end containing a moistened Kimwipe. Collection tubes were
monitored throughout the day and emerged beetles were kept chilled and used in
bioassays within 72 h. SPBMEX beetles were obtained from Chihuahua and Apache pine,
P. leiophylla and P. engelmannii, respectively, in Cañadas de Nanchititla, State of
Mexico (18°49'22.2"N 100°25'36.1"W) (Figure 5.1) and shipped overnight in a chilled
0.5 L container containing bark shavings and moistened Kimwipes (Kimberly-Clark,
Irving, TX). Upon arrival, surviving beetles were stored in total darkness at 4°C and used
in bioassays within 72 h.
5.3.2

Molecular species confirmation
Both host and geographic ranges of SPB overlap with the Mexican pine beetle, D.

mexicanus Hopkins (XPB) and D. mesoamericanus (Salina-Morena et al. 2004; Moser et
al. 2005). Adult morphology within the entire D. frontalis complex (six species in total,
but SPB, XPB, and D. vitei are the most enigmatic, taxonomically) can be highly varied,
leading to tenuous identifications based on seemingly subjective characteristics (RiosReyes et al. 2008 and references therein). Additionally, in the case of SPB, multiple
morphotypes exist (Armendáriz-Toledano et al. 2014), some of which are now described
as separate species (Armendáriz-Toledano et al. 2016). In SPBMEX beetles we observed
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morphological variation, so we sought to confirm the identity of these samples through
molecular analysis. Before beginning our assays, we extracted DNA from ten individuals
representing the extent of morphological variation observed in our sampled population
using a Qiagen QIAmp DNA mini kit (Qiagen, Germantown, MD) according to
manufacturer’s instructions. Primers for a bp fragment of the cytochrome oxidase subunit I
(COI) gene were adapted from Anducho-Reyes et al. (2008): dmex685_H2: 5’CTTGCTACATACCATGGATChC

and

dmex1048_Y3:

120

CTGGGTAATCAGAATAACGyCG. This fragment is highly variable for this genus and

delimits the SPB from XPB, and we modified these primers with inclusion of two ambiguous
sites (noted in bold and lowercase above) to accommodate documented sequence variation
within SPB from across its range (Victor and Zuniga 2016; Havill et al. 2019). The 3’ end of
the COI fragment was chosen rather than the standard 5’ end because D. mesoamericanus
sequence availability is limited to 3’ end sequences.
PCR amplification began with 5 min at 95°C, followed by 35 cycles of 30 s at 95°C,
1 min at 51°C, 45 s at 72°C, and extension was performed for 10 min at 72°C. Resulting
DNA quality was checked using gel electrophoresis. Sanger sequencing was conducted at
Eurofins Genomics (Eurofins Genomics LLC, Louisville, KY). For data analysis, sequences
were

assembled

and

manually

checked

for

errors

with

Geneious

R11

(https://www.geneious.com). Our data was then combined with sequence data from Kelley
and Farrell (1998), Armendáriz-Toledano et al. (2012), Armendariz-Toledano et al. (2015),
Victor and Zúñiga (2016), Godefroid et al. (2019), and Havill et al. (2019); this combined
dataset focused on SPB and XPB but included several other Dendroctonus species, as
available on GenBank, to provide phylogenetic diversity and a single Tomicus piniperda
(AY040296.1) to serve as an outgroup. We conducted a maximum likelihood (ML) tree
search using IQ-TREE v2.1.2 (Nguyen et al. 2015) with the best model of evolution
predicted by BIC in IQ-137 TREE’s ModelFinder (Kayaanamoorthy et al. 2017) and 1,000
replicates of ultrafast bootstrapping (Minh et al. 2013) and the Shimodaira/Hasegawa
approximate likelihood-ratio test (Guidon et al. 2010). We used FigTree v1.4.4 (Institute of
Evolutionary Biology, University of Edinburgh. http://www.treebioedacuk/software/figtree)
to visualize the ML consensus. Molecular species confirmation was not required for SPB NY
beetles, as SPB is easily differentiated from the other Dendroctonus species found in New
York, D. terebrans and D. valens.
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5.3.3

dsRNA synthesis from cDNA
Primers designed to target two SPB genes, heat shock protein (hsp), and inhibitor

of apoptosis (iap) (Table 5.1), were selected based on their efficacy in previous work
(Kyre et al. 2019). As a 146 control, primers for the green fluorescent protein (gfp) gene
(F1: 5’-CGATGCCACCTACGGCAA-147 3’; R1 5’-TGTCGCCCTCGAACTTCA-3’)
were used to synthesize dsGFP. Though the SPB genome has yet to be sequenced, no
significant similarities were found when aligning the 258bp gfp amplicon to available
sequence data. Each primer contained a T7 promoter sequence to amplify dsRNA
templates under the following PCR conditions: denaturation and annealing began with 4
min at 94°C, followed by 35 cycles of 30 s at 94°C, 30 s at 60°C, and ending with 45 s at
72°C. Extension and incubation took place for 10 min at 72°C. The resulting PCR
product was purified with a Qiagen PCR purification kit (Qiagen, Germantown, MD).
Purified PCR template was synthesized into dsRNA using a T7 reverse transcriptase kit
(Thermo Scientific, Waltham, MA) and incubated for 16 h at 37°C followed by a DNase
treatment incubated for 30 min at 37°C. dsRNA was recovered from the DNase treatment
using 0.1 × volume of sodium acetate and 2.5 × volume of 100% EtOH. After recovery,
dsRNA was washed twice in 75% EtOH and held at 37°C until dry and resuspended in
nuclease free ddH2O. The quantity of resulting dsRNA was measured using a
spectrophotometer (NanoDrop, Wilmington, DE) at absorbances of 260/280 and 260/230,
and quality was checked using electrophoresis. cDNA used for dsRNA synthesis of all
treatments was synthesized from RNA extracted from whole adult beetles collected in the
SE United States. After synthesis, cDNA was pooled and used in the construction of
dsRNAs.
5.3.4

Assays
To evaluate potential differences in dsRNA sensitivity between the two

geographically distinct populations (SPBNY, SPBMEX), adult SPB were fed 1 μL of 10
μg/μL of dsRNA in a 1% sucrose solution. To feed individual beetles, a 1 μL drop of
solution was placed on a petri dish and the beetles’ mouthparts were immersed in the
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droplet to ensure ingestion. The dish was then oriented vertically, and slight pressure was
applied to the insect’s head to stimulate feeding (Kyre et al., 2019). dsRNA treatments
targeted either hsp (N=5), iap (N=5), or the control of dsGFP (N=5). After feeding,
beetles were placed in 100 mm petri dishes lined with moistened, sterile filter paper and
kept at 23°C with a RH of 90% in total darkness for 24 h, after which all live beetles
were collected from the assays and processed individually for gene expression using
qPCR. The experiment for each beetle population was repeated three times resulting in
gene expression data for a total of 20 beetles per treatment per location.
5.3.5

RNA extraction, cDNA synthesis, and qPCR
Each SPB population was processed using the same protocols and reagents.

Whole RNA was extracted by crushing whole adult beetles in TRIzol Reagent (Life
Technologies, Carlsbad, CA) and RNA was precipitated with isopropanol, washed twice
in 75% EtOH, and resuspended in nuclease free water. Absorbance of extracted RNA
was measured at 260/280 and 230/280 using a nanodrop with acceptable absorbances of
1.8-2.2 and >1.7 respectively. RNA samples meeting absorbance standards were used for
cDNA synthesis at a concentration of 1,000 ng/μL using SuperScript™ III Reverse
Transcriptase (Invitrogen, Carlsbad, CA) according to manufacturer’s instructions. A
fivefold dilution series was performed using pooled cDNA from adult beetles collected in
the SE US and a dilution of 1:1 was selected for gene expression analysis. qPCR primers
(Table 5.2) for the two target genes and two reference genes met desired parameters with
correlation coefficients at or above 0.99 and amplification efficiencies that fell between
90% and 112%. Each sample consisted of a primer mix containing 0.2 μL each of
forward and reverse primers, 5 μL of PowerUp SYBR Green Master Mix (Applied
Biosystems, USA), 3.6 μL of nuclease free ddH2O, and 1 μL of cDNA; totaling 10 μL.
Samples were run using a Quant Studio3 qPCR machine (Applied Biosystems, Beverly,
MA) under the following conditions: beginning at 95°C, denaturation was performed
with 40 cycles at 95°C, followed by annealing and extension performed with 30 s at
60°C. Cycles ended with the generation of a single peak melting curve to rule out primer
dimers and non-specific product formations. Dissociation curves were run at 1.6°C/s for
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15 s at 95°C, followed by 1.6°C/s for 1 min at 60°C, and finished with 0.15°C/s for 15 s
at 95°C.
5.3.6

Gene expression and gene silencing analysis
For gene expression and gene silencing analysis using qPCR, three technical

replicates were run for each of the five biological samples per treatment. Bioogical
replicates are biologically distinct samples (e.g., a single beetle) while technical replicates
are repeated measurements of the same biological sample. Technical replicates are
performed to account for any variation within the measuring equipment. Relative gene
expression was analyzed using the 2-ΔΔCt method (Livak and Schmittgen 2001) and
normalized using the geomean expression value of two reference genes, ribosomal
protein S18 and elongation factor – 1 alpha (Kyre et al. 2019). Internal reference genes
such as rps18 and ef1a are stable, moderately expressed genes used as internal standards
when measuring relative gene expression. Samples not meeting specific quality
parameters, defined by the 2-ΔΔCt analysis and appropriate absorption levels, were not
used in analysis. The normality of the data was evaluated using a Shapiro-Wilk test and
subsequent statistical analysis of the gene silencing data was evaluated with R studio
v1.1.456 using a one tailed T-test with P < 0.05 (RStudio Team (2016)). RStudio:
Integrated Development for R. RStudio, Inc., Boston, MA URL http://www.rstudio.com).
Possible multimodality of gene silencing results within the SPB MEX population was
investigated using a cluster analysis and verified with Hartigans’ dip test (Hartigan and
Hartigan 1985; Kang and Noh 2021).
5.3.7

Sequencing of targeted regions
To investigate possible variation in target genes, Sanger sequencing was used to

compare SPBMEX populations to SPBSE populations. Whole DNA was extracted from 5
individuals per population using the Qiagen QIAmp DNA mini kit (Qiagen,
Germantown, MD) according to manufacturer’s instructions. Primers amplifying the
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same regions targeted by our dsRNAs (Table 5.1) were used to amplify and sequence
each target gene under the same PCR conditions as above.

5.4
5.4.1

Results
Molecular species confirmation
Our final dataset consisted of 119 sequences including the 10 generated in this

study representing the morphological variation observed in our SPBMEX population. The
remainder of the final dataset consisted of 29 SPB (including the newly described D.
mesoamericanus that was grouped together with SPB) and 60 XPB. We also included 17
sequences from additional Dendroctonus species, and a single Tomicus piniperda
sequence from GenBank. In our ML consensus, SPB and XPB haplotypes formed two
distinct, monophyletic groups (supplementary file 1), however the former includes two
XPB haplotypes from Anducho-Reyes et al. (2008) (potentially misidentified samples).
Three unique haplotypes were observed in the sequences generated from the SPB MEX
population and these unambiguously clustered with SPB rather than XPB, and most
closely with several other SPB haplotypes from Mexico, including the morphotype A
haplotype, D. frontalis, from Armendáriz-Tolendo et al. (2014). These findings, coupled
with morphological characters provide confidence that all beetles used in the study were
SPB.
5.4.2

Gene expression and gene silencing analysis
There were no significant differences in the relative expression of targeted genes

between or within populations (Figure 5.2). Beetles from the SPBNY population
demonstrated significant silencing of hsp when compared to the gfp control. Silencing was
not evident in iap (Figure 5.3).

Gene silencing analysis from the SPBMEX population showed moderate bimodal
variation. Cluster analysis of each target gene from combined replicates (N = 20) as well
as the gfp control showed two distinct clusters with minimal overlap. Hartigan’s dip test
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results verified bimodality of each target gene data set with dip statistics falling between
0.05 and 0.10, suggesting moderate bimodality. The cluster demonstrating higher
expression levels was analyzed as one set of data and are referred to here as “Cluster 1”
(N=18). The remaining cluster displaying lower gene expression was analyzed together
and are referred to as “Cluster 2” (N=22).
In Cluster 1 (Figure 5.4.A) there was significant silencing in hsp and iap compared to
the gfp control. Analysis of Cluster 2 (Figure 5.4.B) showed significant gene silencing only
in iap compared to the gfp control. The qPCR results reflect the bimodality of the data that
illustrate the variability of gene silencing within the population collected in Mexico.

5.4.3

Sequencing of targeted regions
The number of variable bases in the consistently sequenced portions (i.e., high

quality base calls without ambiguity via Sanger sequencing with the dsRNA primer sets)
of the targeted amplicons were not of sufficient enough quality or occurrence to prevent
the binding of interfering RNAs to targeted mRNAs (i.e., not enough variation existed to
disrupt precise matches of at least 16 nt or a near perfect match of 25 nt or more that is
required for RNAi pathway activation (Chen et al. 2021)). Furthermore, the number of
variable sites in genes that were consistently silenced was equal to the number of variable
sites in genes that were not consistently silenced (hsp: 6 variable sites - 301 total length
of consistently amplified region, total amplicon length 351; iap: 6 variable sites - 317
consistently amplified length, total amplicon length 379), suggesting that sequence
variation within these genes is not enough to explain the silencing results.

5.5

Discussion
We demonstrate clear differences in the ability of dsRNAs to silence essential

genes (hsp and iap) in our SPBNY and SPBMEX populations and compare these to findings
from the original SPBSE population collected in the southeastern United States from Kyre
et al. (2019). Gene silencing observed in the SPB NY population corresponded to gene
silencing demonstrated in the original SPBSE population (Kyre et al. 2019) which
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exhibited silencing in hsp (P=0.04) but not iap (P=0.3), but the SPBMEX population
differed in its level of susceptibility relative to both the SPBNY and SPBSE, confirming our
prediction and corroborating our hypothesis that gene silencing may vary between
geographically distinct populations. Furthermore, differences in sensitivity to dsRNAs
were detected within the SPBMEX population. This is the first demonstration of variable
responses to gene silencing induced by exogenous dsRNAs in geographically disparate
forest pest populations and highlights the need for assessing RNAi efficacy in distinct
populations. Potential genetic and epigenetic variation may be catalyzed by variable
pathogen pressures, host characteristics and availability, and climate differences, which
have important implications for the application of molecularly based pest management
dependent on immune responses, particularly in the context of a changing climate.
Our findings are similar to those evaluating geographic variability in RNAi efficiency
in other organisms. For example, in the Colorado potato beetle, Leptinotarsa decemlineata,
differences in dsRNA sensitivity among geographically distinct populations have been
observed; differences in gene silencing were minor, but the time between initial dsRNA
exposure and triggering of phenotypic responses varied significantly (Melhorn et al. 2020).
Variability in RNAi efficiency has also been demonstrated in migratory locusts, Locusta
migratoria, wherein studies showed intra and interpopulation variation in their sensitivity to
dsRNAs targeting two genes, corazonin and ecdysone receptor, among four strains collected
from various parts of Japan. The patterns of dsRNA sensitivity corresponded to the
phylogenetic origins of the populations, with insects from the northern clade proving less
sensitive to dsRNAs, and those from the southern clade demonstrating higher susceptibility
(Sugahara et al. 2016). SPB demonstrated similar silencing patterns in the differential
silencing between the northern and southern populations. These patterns are further supported
by the findings of Garrick et al. (2021), that show significant genetic differences between
beetles found in southwestern US and Mexico, and their eastern counterparts. Because SPB
cannot be reared in the laboratory, sampling and experimental design is ultimately dictated by
beetle availability and is dependent on the season, weather, and access to collection sites.
Although genetic variation between SPB populations spurs much debate, definitive studies in
SPB’s congener, the mountain pine beetle, have demonstrated a high degree of localized
variability despite significant autosomal gene flow (Batista et al. 2016; Dowle et al. 2017).
Here, sequencing of hsp and iap did not reveal sequence variation capable of impacting the
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binding of our introduced small interfering RNAs, however variation within genes regulating
the RNAi pathway itself could result in changes to viral immune responses, and thus changes
to dsRNA sensitivity.
Temperature may also play a role in variable immune responses. SPB is nondiapausing, and development is temperature dependent. The annual winter temperature in
Cañadas de Nanchititla, the site of our SPBMEX collection, ranges between 20 and 24°C,
compared to -5°C on Long Island, NY, where our SPBNY collections occurred. A change in
genetic architecture due to temperature has been documented in the chrysomelid Galeruca
daurica, a coleopteran pest of Inner Mongolian grasslands where a 15°C difference in
temperature results in a decrease of differentially expressed genes; genes responsible for cold
stress recovery are upregulated while those responsible for RNA replication and RNAdirected DNA polymerase are downregulated (Zhou et al. 2019). These differences in gene
expression offer insights into the beetles’ adaptation to Mongolia’s harsh interior. Similarly,
environmental stressors such as heat and starvation impact the expression of microRNAs in
the red flour beetle, Tribolium castaneum (Freitiak et al. 2012). The ability of SPB to
establish in different climates may be indicative of a climate-induced phenotypic plasticity as
a result of a change in immune related systems.
In addition to our beetles being collected from geographically and climactically distinct
308 regions, they were also collected from different Pinus species, including Chihuahua,
Apache, loblolly, and pitch. Differences in dsRNA sensitivity could conceivably be attributed
to differing phytochemistry of the various host species, and perhaps to the plastic nature of
host plant chemical ecology, as host monoterpenes used in defense are metabolized by SPB
(Hunt et al. 1989). Changes in host chemistry can occur in response to herbivory (Trowbridge
et al. 2014), differences in habitat (Kännaste et al. 2017), pathogens, and the complement and
abundance of symbiotic and associated organisms carried by SPB and its congeners (Erbilgin
et al. 2017; Kanekar et al. 2018). Dietary modifications can alter immunological processes in
herbivores (Singer et al. 2014; Cotter et al. 2019), therefore, changes in tree defense
responses could affect herbivore metabolic and immune processes and alter enzymatic
activities (Wynant et al. 2014). Differences in microbe abundance associated with dietary
changes of the crustacean Litopenaeus vannemei alters the expression levels of Dicer-1
(LvDcr1) and subsequently immunostimulation (Pilotto et al. 2020). Clearly the complexity
of these interactions could further affect dsRNA responses, as increased exposure of an insect
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to viral siRNAs could saturate RNAi machinery and suppress RNAi responses or gene
expression (Swevers et al. 2016).
This work is preliminary, and our findings emphasize the need for a more in depth
understanding of the population genetics of invasive forest pests and the role of biotic and
abiotic factors on those genetics. In our system, further sequencing of distinct SPB
populations is needed, as well as a deeper understanding of the immune responses of SPB,
taking into consideration gut enzymatic activity, microbial symbionts, host plant defenses,
seasonality, and climate. Responsible deployment of molecular techniques for forest pest
management must include a thorough understanding of how factors such as host availability,
climate, and population genetics might interact to affect the efficacy of a technology
dependent on specific immune responses. Understanding the mechanisms allowing for
potential phenotypic plasticity will provide insights into the selection of targets and how the
interactions between climate, symbiotic and associated organisms, and host defense can
impact the expression and necessity of such genes.
Future research will work to pinpoint molecular differences between and within SPB
populations to increase our understanding of the population genomics of this species and
enhance our understanding of the roles of stress and the environment on a significant forest
invader. As SPB continues its northward expansion, the acceptance and deployment of novel
molecular tools could, when combined with traditional IPM, protect increasingly susceptible
forests threatened by highly invasive forest pests under progressively extreme abiotic
conditions.
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Table 5.1 Primer sequences for dsRNA synthesis of SPB-specific hsp and iap. A T7
promoter 572 sequence (TAATACGACTCACTATAGGG) was attached to the front end of each
dsRNA primer sequence.

Gene
hsp
iap

Primer sequence
F:
R:
F:
R:

ACACGCACACTCGTTCTCAC
TACGCGTACTCGCTGAAGAA
TTTCGTTTGATGCTCGACTG
TCTTCGCCTGTCCTGTCTTT
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Amplicon

AN

351

GAFI01018338.1

379

GAFI01016651.1

Table 5.2 qPCR primer sequences for gene expression analysis following exposure of
adult SPB to dsRNA.
Gene
hsp
iap
rps18
ef1a

Primer Sequence
F:
R:
F:
R:
F:
R:
F:
R:

Amplicon

TTGGGGATACGAGTTGAACC
GAGCGAAGTTCGAGGAATTG
ATATCATTGGGTGGCAGGAG
GGCTCAACCGAATTCATCAC
GCCCTCTTGTTCAAATCCAC
CTTAACGGCCATCAAAGGAG
TCCAAGAGGTGGGAATTCAG
GATCGTCGTTCAGGAAAAGC
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AN

139

GAFI01018338.1

86

GAFI01016651.1

81

GAFI01004491.1

129

GAFI01016714.1

Figure 5.1 Collection sites of southern pine beetle, D. frontalis, populations. Grey
shading denotes areas of high elevation historically acting as geoclimatic barriers. Blue
shading represents the endemic range of SPB, and orange SPB’s expanded range.
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Figure 5.2 Expression levels of targeted genes hsp and iap did not significantly differ
between or within populations (ANOVA F(5,61) = [0.93], p = 0.47)
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Figure 5.3 24 h after initial dsRNA exposure to hsp (N=11) and iap (N=12), beetles from the
SPBNY population demonstrated significant silencing of hsp (t-test, one tailed, p = 0.02) but
not iap (p = 0.07) when compared to the gfp (N=11) control.
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Figure 5.4 24 h after initial exposure, SPBMEX beetles belonging to the first cluster (N = 13)
(A) demonstrated gene silencing in hsp (t-test, one tailed, P = 0.01) and iap (P = 0.02).
Beetles belonging to the second cluster (N =15) (B) demonstrated gene silencing in iap (P =
0.04) but not in hsp (P = 0.25).
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6

EXPRESSION OF EXOGENOUS DSRNA BY A FACULTATIVE MUTUALIST, OPHIOSTOMA
MINUS, TARGETS GENES IN SOUTHERN PINE BEETLE

6.1
RNA interference (RNAi) is a highly effective molecular pest management tool
artificially induced via the presence of dsRNAs designed to silence genes whose
functions impact insect survival, fecundity, and fitness. Deployed in crop and
horticultural systems, the dsRNA trigger for RNAi can be delivered in the form of foliar
sprays, root drenches, and transgenic crops. RNAi also causes rapid and extensive
mortality in southern pine beetle (SPB), Dendroctonus frontalis, but currently available
delivery methods are not appropriate for the large scale, diverse nature of pine forests. To
address the shortcomings of current dsRNA delivery methods, I transformed the fungal
associates of SPB, including the symbiotic Entomocorticium cobbii and Ceratocystiopsis
ranaculosus, as well as the fungal associate Ophiostoma minus to express SPB targeting
dsRNAs. As a proof of concept, I selected the SPB housekeeping gene shibiri to modify a
plasmid originally for use in Arabidopsis and constructed intron-splicing RNA expression
vectors to generate transgenic fungi using Agrobacterium mediated transformation
techniques. This comprises the first step to creating a moderately self-sustaining vector
system for the landscape level deployment of RNAi that exploits the symbiotic
relationships of the SPB.

6.2

Introduction
With the recent frightening realization that the earth is warming far more rapidly

than even the direst warnings, forest health has been at the forefront of global
sustainability discussions. The role of forests in sequestering carbon to temper climate
change is garnering increased attention, as are the roles of forests in soil and water
conservation and biological diversity. The realization of the importance of protecting
forests from forest pest outbreaks has never been greater. However, forest pest
management poses unique challenges; temporal and spatial heterogeneity and the sheer
vastness of the resource make conventional pest suppression measures inadequate,
particularly against bark and wood boring beetles. Unprecedented temperature and
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precipitation fluctuations, exacerbated by forest fragmentation, disjunct management, and
competing interests, has led to situations where traditional silvicultural approaches
simply cannot keep pace. Thus, there is a critical need for an innovative, broadly
deployable, and self-sustaining approach to forest pest management.
Advances in molecular genetics, specifically the use of gene silencing through
manipulation of the cellular RNA interference (RNAi) pathway, has created new
opportunities to develop innovative pest management strategies. RNAi-induced gene
silencing takes advantage of an organism’s endogenous defensive response to viral
double-stranded RNA (dsRNA), triggering degradation of targeted mRNA and
preventing the production of proteins. The efficacy of RNAi technology in tree pests has
been demonstrated in wood borers (Rodrigues et al. 2018, Pampolini et al. 2020) and in
bark beetles (Kyre et al. 2019, Kyre et al. 2020), and we’ve shown that the technology
has potential as a tool for managing two of the most destructive scolytines in the
Americas, the southern pine beetle (SPB), Dendroctonus frontalis (Coleoptera:
Curculionidae), and its congener, the mountain pine beetle (MPB), D. ponderosae. The
safety of this technology for non-target species associated with wood borers and bark
beetles has been vetted (Pampolini et al. 2021; Hollowell and Rieske 2021). Still, in spite
of these advances, a substantial barrier to effective application of RNAi technology in
forests is delivery to the target site. In agricultural systems dsRNAs are delivered via
conventional sprays (San Miguel and Scott 2016), drenches (Hunter et al 2012), and
transgenically (Zhu et al. 2011, Joga et al. 2016). These methods lend themselves to crop
or single tree protection but are not feasible in highly heterogenous forest landscapes.
Our study focuses on (SPB), Dendroctonus frontalis. A key element to its success
as a forest pest is SPB’s close association with three fungal species: the facultative
mutualist

Ophiostoma

minus,

and

two

obligate

symbionts,

an

ascomycete,

Ceratocystiopsis ranaculosus and a basidiomycete, Entomocorticium cobbii. Adult SPB
carry the spores of O. minus phoretically, as do associated phoretic mites, and female
beetles carry a pure culture of either C. ranaculosus or E. cobbii fungi in specialized
mycangia which are glandularized cells located anteriorly in the pronotum (Klepzig et al.
2001). While excavating nuptial and egg galleries, the spores are deposited along
chamber walls within the host cambial tissue with each fungus playing a unique role.
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During initial colonization of a host, O. minus assists the beetle in colonization by
depleting host defenses in the form of both resin production and secondary metabolites
(Lieutier 2002). Individually, both of the symbiotic fungi C. ranaculosus and E. cobbii,
more than likely, concentrate dietary nitrogen, providing most of the nutrients essential to
successful larval development (Ayres et al. 2000). The consumption of E. cobbii may
result in higher overall fitness, as beetles whose mycangia contain E. cobbii spores
appear to be heavier and more fecund than beetles containing C. ranaculosus spores
(Coppedge et al. 1995; Goldhammer et al. 1990), which display a higher level of fitness
than those whose mycangia contain no spores. Both fungi, however, are important as
their tolerance levels to host secondary compounds and ability to outcompete antagonistic
fungi differ, with E. cobbii better able to overcome host defensive chemicals and C.
ranaculosus being the better competitor.
Ingestion of pest specific dsRNAs can activate the RNAi pathway in SPB to
silence target genes essential to basic life functions, causing rapid and extensive beetle
mortality (Kyre et al. 2019) and the mutualisms between SPB, O. minus, E. cobbii and C.
ranaculosus make the fungi highly desirable candidates to use as a vectors for the
deployment of beetle targeting dsRNAs that can be used to exploit the RNAi pathway as
an additional tool for bark beetle management.
Although all three fungi possess great potential to vector dsRNA, O. minus is the
most robust and quickest growing of the mutualists and therefore is the focus of the initial
work to express exogenous dsRNA.

Agrobacterium was first used to transform

filamentous in fungi in 1995 with the T-DNA transfer from A. tumefaciens to
Saccharomyces cerevisiae (Bundock et al. 1995) and since has been applied to multiple
ascomycetes including Colletotrichum gloeosporioides (Stephenson et al. 1997),
Fusarium graminearum (Royer et al. 1995), Trichoderma reesei (Maori et al. 1995), and
the basidiomycete Agaricus biosporusto (Van de Rhee et al. 1995). Agrobacteriummediated transformation (AMT) is highly suitable for fungal transformation because it is
relatively simple, easily adapted to various fungal species under a variety of conditions,
has a high transformation efficiency, and is relatively stable (de Groot et al. 1998; Li et
al. 2017). Lastly, and most relevant to this proposal, AMT has been used to transform
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Lecanicillium attenuatum to express insect targeting dsRNA to increase its virulence to
the citrus white fly, Dialeurodes citri (Yu et al. 2018).
The complex symbioses ranging from casual commensalism to obligate mutualism
between the SPB and its associates creates tremendous potential for their manipulation as
dsRNA vectors at the forest level. In this study I aimed to transform the facultative
mutualistic fungi O.minus to express beetle targeting dsRNA and investigated both the
expression of exogenous dsRNA from fungal transformants and the ability of that dsRNA
to silence genes in adult SPB.

6.3
6.3.1

Methods and Materials
Fungal Strains, Growth Conditions, and Media
Isolates of all three fungi were obtained from C. Villari (Warnell School of

Forestry, University of Georgia, Athens, GA). The two symbiotic fungi, E. cobbii, and C.
ranaculosus were isolated from adult female SPB. Beetles exhibiting swollen mycangium
were bisected first at the base of the pronotum, followed by removal of the head. The
pronotum was surface sterilized using 75% EtOH and rinsed in autoclaved H 2O. After
sterilization, the pronotum was split laterally on the ventral side and opened to expose
mycangia. Pronotal segments were placed mycangium side down onto cyclohexamidestreptomycin malt agar (CSMA) (Sigma-Aldrich) and left to culture in total darkness at
20C for two weeks, after which individual colonies were sub-cultured onto CSMA.
Once fungi were isolated, subsequent subcultures were cultured on malt-extract agar
(MEA). Isolates were also created by plating SPB gallery backfill onto CSMA and
repeating the previously described protocol. O. minus and an additional E. cobbii isolates
were attained in this manner.
6.3.2

Construction of ihpRNA expression Vector
Due to its consistent silencing via RNAi in previous studies (Kyre et al. 2019;

Kyre et al. 2022), dynamin, formerly shibiri and hereafter referenced as dfshi (Accession
Number: GAFI01018708.1), was selected for vector construction. Total RNA was
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extracted from whole adult beetles and reversed transcribed into cDNA using M-MLV
reverse transcriptase (Invitrogen, Carlsbad, CA). Two sets of forward and reverse primers
were designed, with each 3’ end containing sequences corresponding to restriction
enzymes (table 1). PCR was run for each primer set under the following PCR conditions:
4 m at 94C, followed by 35 cycles of 30 s at 94C, 30 s at 65C, and 45 s at 72C.
Extension and incubation took place at 72C for 10 m. Resulting PCR product was
purified using a Qiagen PCR purification kit and digested with corresponding enzymes to
create blunt ends. The pRCy1 fungal dual-expression vector was adapted from
pFGC5941 was obtained from C. Ran (Citrus Research Institute/Chinese Academy of
Agricultural Sciences, National Engineering Research Center for Citrus, Chongqin,
China) and modified to express SPB targeting dsRNA. To insert the reverse sequences of
Dfshi, a double digestion was performed using the restriction enzymes XbaI and BamHI,
solution incubated overnight at 37C with rCutSmart Buffer. Reverse insert ligation was
performed using a 1.5:1 ratio of insert to vector (at least 50 ng of vector per reaction), 2
L of T4 DNA buffer, and 1 L of T4 DNA Ligase (New England Biolabs) and
incubated at 4C overnight. Electroporation was then performed to insert the ligated
plasmid into the electrocompetent Escherichia coli strain EPI300. Resulting
transformants were then transferred to solid LB+50 uL/mL Kanamycin (LB Kan) media
and incubated at 37C overnight to allow colony growth. Individual colonies were then
transferred to liquid LB Kan and incubated and shaken overnight at 37 C and 250 rpm
respectively, after which 1 mL of culture was removed from each sample and the plasmid
was extracted using a Monarch Plasmid Miniprep Kit (NEB). An additional 850 L of
each culture was combined with 150 L of glycerol and stored at -80 C. A sample of
each extracted plasmid was digested with the corresponding enzymes and viewed using
electrophoresis to verify the successful ligation of the insert. To insert forward sequences
of dfshi another double digestion was performed using restriction enzymes XhoI and SwaI
with NEBuffer r3.1. Reaction was incubated at 37 C for 4 h after which incubation
temperature was lowered to 25 C and left overnight, and the remainder of the protocol
was repeated.
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6.3.3

Agrobacterium tumefaciens Transformation
The constructed plasmid was inserted into the chemically competent

Agrobacterium tumefaciens strain AGL-1 using a freeze/thaw method wherein 10 L of
plasmid was added to 50 L of AGL-1 cells, thawed on ice, then snap frozen in liquid
nitrogen. Solution was then thawed again in a 37C water bath followed by the addition
of 0.5 mL of LB without antibiotic (LB) and incubated for 1.6 h at 28C and 250 rpm.
After incubation, entire contents were plated on solid LB Kan media and incubated at 29
C for 48 h. After 48 h, half of each colony was combined with sterile H 2O and heated at
100C for 1 m, after which samples were vortexed and spun down. Supernatant was
removed and used as a template for PCR screening to verify the presence of dfshi inserts
using the above-described PCR protocols and primers. Glycerol stock solutions were
created with the remaining half of each colony for storage.
6.3.4

Agrobacterium Mediated Fungal Transformation
Forty-eight h prior to the experiment, transformed AGL-1 strain of A. tumefaciens

was removed from glycerol storage and activated on solid LB Kan. Actively growing
colonies were transferred to liquid LB Kan and incubated at for 40 h 28C and 250 rpm.
Agrobacterium was precipitated by centrifuge for 1 m at 5000 rpm and resuspended with
5mL induction medium (IM) (supplementary 1) and returned to 28 C for an additional 6
h until cell density reached OD660 = 0.25-0.8.
To harvest vegetative tissue from fungal cultures, nuclease free H 2O was used to
flood isolates and a sterile bacterial spreader was used to massage tissue. Collected tissue
suspension was filtered through 0.2 M Miracloth and quantified using a hemocytometer.
Final spore/mycelial tissue suspension in sterile water was 106 tissue/mL.
Autoclaved filter paper cut into 1.52 squares was used to cover solid co-cultivation
medium (supplementary 1) into which 100 L of tissue suspension was pipetted evenly
over top. A mass of transformed A. tumefaciens was then streaked over the entire plate
and a sterile bacterial spreader was used to evenly mix the tissue suspension and A.
tumefaciens calls together over the top of the filter paper. Preparations were allowed to
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dry for 10 m then incubated at room temperature. After 48 h, filter papers were
transferred from the co-cultivation medium to a selection medium containing 100 mg/mL
hygromycin ensuring sufficient spacing between squares (2-3 squared per plate) and left
to incubate at room temperature for 1 w. Hygromycin resistant transformants were then
isolated from the selection medium and transferred to MEA plates containing 100 mg/mL
of Hygromycin.
6.3.5

Evaluation of Transgenic Fungi

6.3.5.1 Exogenous ihpRNA detection
RNA was extracted from both wild type and transformed fungi using Qiagen
AllPrep Fungal DNA/RNA/Protein extraction kit. RNA quality and integrity was verified
using a nanodrop spectrophotometer measuring absorbances at 260/280 and 260/230.
Quality samples were then reverse transcribed into cDNA using M-MLV reverse
transcriptase at a concentration of 500 ng/µL. RT-PCR was then performed using primers
designed to target appropriate locations within the dsRNA cassette in the transformed
fungi and beta-tubulin primers was used as an internal control (Table 6.2).
6.3.6

Gene Silencing
Transgenic O. minus was plated on 2% MEA solid media containing 100mg of

Hygromycin in standard size petri dishes. Once mycelial growth reached adequate size,
glass cylinders 3.2 cm in diameter and 4 cm long were placed over transgenic fungi and a
single layer of kimwipe was placed on top of fungi inside the cylinder. 24 h after plates
were prepped, 3 adult SPB were placed inside the cylinder on top of the fungus and the
cylinder was topped. 24 h after beetle placement, beetles were removed from the
treatment. Control beetles were placed in similar feeding arenas over wild type O. minus.
RNA was extracted from each beetle using a TRIzol extraction method (Kyre et
al. 2020), and RNA was reverse transcribed with M-MLV reverse transcriptase at a
concentration of 1000 ng/µL. Gene expression was measured via qPCR with each sample
containing 1 µL of cDNA, 3.6 µL of nuclease free water, 5 µL of SYBR Green Master
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Mix, and 0.2 µL of appropriate forward and reverse primers. Three technical replicates
were run for each biological sample and gene expression data was analyzed using the 2ΔΔCt method (Livak & Schmittgen 2001). Ribosomal protein S18 and elongation factor
– 1 alpha were used as endogenous controls (Table 6.3).

6.4
6.4.1

Results
Ihp expression vector
The pRCy1:Df:shi vector modified from pRCy1 (Yu et al. 2019) contained a

tryptophan promotor and terminator (PtrpC and TtrpC respectively) as well as right (RB)
and left border (LB) repeats. The resistance marker for E. coli was kanamycin, and the
resistance marker for A. tumefacians was hygromycin B. shi forward and reverse
sequences were amplified with recombinant primers and homologous recombination
enzymes were used for ligation to either side of pRCy1:Df:shi (Figure 6.3)
6.4.2

Evaluation of Transgenic Fungi

6.4.2.1 Exogenous RNA detection
RT-PCR confirmed the transcription of exogenous shi, indicating successful
transformation of the pRCy1:Df:shi vector. A pCR band of 337 bp was visible in the PCR
products of the transgenic fungi. Additionally, the structure of the inserted fragments
were verified by the presence of both positive and negative bands. Wild-type O. minus
was used for control (Figure 6.4).

6.5

Discussion
In this experiment I successfully constructed an ihpRNA vector that leads to the

expression of dsSHI by O. minus. O. minus displays various biological traits that may
increase its attractiveness as a vector for dsRNA, the first being its abundance and
transport on the exoskeletons of both sexes of adult SPB as well its associated phoretic
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mites, Tarsonemus krantzi, increasing the inoculation points, and thus the chances of
successful inoculation into host tissues (Hoffstetter et al. 2006) and presence of
exogenous dsRNAs. Because of its phoretic transport, O. minus is also the first of the
fungi to begin colonization of host tissues and compromising of host defenses (Beckage
1998). As beetles begin to enter a tree, the hosts response to fungal inoculation can
drastically reduce the flow of resin, making the tree more vulnerable to successful gallery
excavation and beetle aggregation. O. minus is significantly more aggressive than C.
ranaculosus and E. cobbii and can be detrimental to SPB and the obligate mutualists
(Klepzig and Wilkens 1997; Lieutier 2002) limiting survival and development of larvae
and as a result, the emergence of adult beetles. The aggressiveness of O. minus is a
benefit to acting a vector for RNAi in three ways. First, the virulence of O. minus
depends on the health of the host with strong robust trees impeding fungal growth
compared to weaker trees due to higher quality defense responses. As a result, in healthy
trees, slower growing O. minus will be less antagonistic of all SPB stages, allowing for
more beetles to encounter expressed dsRNAs and emerge as adults. Second, in weaker
trees where O. minus (transgenic or otherwise) is a threat to developing beetles, the
number of beetles emerging will be reduced. If a tree is colonized by a transgenic O.
minus, the few emerging beetles will carry spores of transformants. Lastly, given O.
minus successfully colonizes various Pinus species due to its robust growth habits
(Gorton and Webber 2000), so its efficacy as a vector should not be diminished by host
species.
Ophiostoma minus is associated with SPB and its conifer hosts, but
ophiostomatoid fungi, are widespread, beetle associates, playing a role in multiple tree
killing bark beetle systems (Armendáriz-Toledano et al. 2015; Six and Bracewell 2015;
Godefroid et al. 2019) including but limited to the great spruce bark beetle, Dendroctonus
micans (Six and Bracewell 2015), the mountain pine beetle, D. ponderosae (Almouti et
al. 2011), the spruce beetle, D. rufipennis (Solheim and Safranyik 1997) and the red
turpentine beetle, D. valens (Marincowitz et al. 2020), all of which are bark beetle
systems where the fungi are virulent-free pathogens and most tree killing damage is done
by the beetle. However, there are virulent ophiostomatoid fungi that have left significant
negative impacts to the forest systems they enter. For example, Ophiostoma ulmi and O.

90

novo-ulmi, commonly known as Dutch elm disease (DED), is vectored by the scolytid
elm bark beetles, Scolytus multistriatus and Hylurgopinus rufipes, and leads to extensive
mortality in all native North American elm species. Other highly damaging beetle
vectored ophiostomatoid tree pathogens include Leptographium wageneri, or black stain
root disease, a damaging root disease in conifers of Western North America (Hadfield et
al. 1986), and the more recently introduced Raffaelea haringtonia, the causal agent of
laurel wilt disease that has invaded the southeastern United States and is progressing west
into Texas and north to Kentucky (Fraedrich et al. 2008; Araújo et al. 2022). Each of
these systems may benefit from the transformation of the ophiostomatoid fungi to express
dsRNAs silencing genes in either the beetle vector or the fungal pathogen.
Managing insect pests in forest systems poses unique challenges associated with
vast expanses of heterogeneous terrain. Current bark beetle management strategies such
as thinning, clearing, and prescribed burns require continuous inputs to be effective, and
can only be implemented on a small scale. Thus, there is a critical need for a broadly
deployable and self-sustainable approach to forest pest management. Advancements in
biotechnology in agriculture, specifically the use of RNAi could be adapted to systems
highly dependent on beetle vectored fungi with minimal environmental hazards and
minimal additional input compared to traditional pesticide treatments. If broad scale
deployment issues can be addressed, RNAi technology could provide an additional next
generation tool to augment current forest IPMs in the face of imminent and drastic
changes to our global climate.
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Table 6.1 Primer sequences for forward(-P) and reverse(-N) inserts of dfshi. Bold letters
indicate recognition sites for corresponding enzymes.
Gene
Name
dfshi-P

Primer（5'-3'）
F: TCTACCCAAGCATCCCTCGAGGCGTGATTTGCTTCTTGACA
R: AAGAAATTCTTACACATTTAAATGCAAGTTCTTCCTGAGCCAC

Restriction
Enzyme
XhoI

Amplicon
(bp)

SwaI
492

dfshi-N

F: AATTTGCAGGTATTTGGATCCGCAAGTTCTTCCTGAGCCAC

BamHI

R: GGTCTTAATTAACTCTCTAGAGCGTGATTTGCTTCTTGACA

XbaI

92

Table 6.2 RT-PCR primers for transgenic O. minus evaluation
Gene Name
shibiri
beta-tubulin

F:
R:
F:
R:

Primer（5'-3'）
CTTCTCGTCGAACTCCATCTTG
TTTGGGCACACCGTTTCT
CACGACGACCGATTACGATATAC
GTA CCT GGG CAC GTT AGT TT
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Amplicon (bp)

AN

337

GAFI01018708.1

200

MT210389.1

Table 6.3 qPCR primer sequences for gene expression analysis via qPCR
Gene
shi
rps18

ef1a

Primer sequence
F: TACTTCTTTTCGCGCTCCTC
R: GCATCCATAATCTGGGCATC
F: GCCCTCTTGTTCAAATCCAC
R: CTTAACGGCCATCAAAGGAG
F:
TCCAAGAGGTGGGAATTCAG
R:
GATCGTCGTTCAGGAAAAGC
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Amplicon

AN

109

GAFI01018708.1

81

GAFI01004491.1

129

GAFI01016714.1

Figure 6.1 pRCy1:Df:shi dsRNA expression vector.
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1

2

3

4

Figure 6.2 Establishment and verification of transgenic O. minus (a) Omin:shi. (b)
Detection of wild type beta-tubulin (1), transgenic shi (2) as well as forward (3) and
reverse (4) fragments of inserted gene.
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7

7.1

SILENCING OF DFOR6 REDUCES ANTENNAL RESPONSE TO VERBENONE IN FEMALE
SOUTHERN PINE BEETLE, DENDROCTONUS FRONTALIS
Summary
Bark beetles of the genus Dendroctonus pose a significant threat to coniferous

forests worldwide. With 19 species occurring globally, the 5 species found in the United
States alone were responsible for over 200 million hectares of damage in 2017-2018.
Increasingly erratic weather patterns and a history of hands-off silviculture practices have
allowed for devastating and persistent outbreaks within the native ranges of
Dendroctonus species, as well the invasion into naïve forests outside of their endemic
ranges. The ability of Dendroctonus bark beetles to overcome tree defense is largely due
to their advanced chemical communication abilities with beetle produced pheromones
acting as both attractants and deterrents. Emerging molecular approaches involving gene
silencing via RNA interference (RNAi) to manage invading populations are gaining
ground, but investigation into the use of semiochemicals acting as anti aggregants is
gaining traction as a pest management strategy, as products containing verbenone become
commercially available to deter bark beetle aggregation. This study is the first to identify
a verbenone specific olfactory receptor in a bark beetle in addition to observing sex
specific physiological impacts when that olfactory receptor is silenced. Understanding the
underlying mechanisms to pheromone reception is important in the development of future
chemical and biological interventions for bark beetle management.

7.2

Introduction
Traditional integrated pest management systems that address forest pests rely

heavily on silvicultural practices that can be detrimental to beneficial insect populations
already under increasing pressures as climates undergo erratic changes with extreme
weather events such as drought, floods, and fires. Additionally, natural areas that support
insect biodiversity are quickly disappearing to make way for millions of acres of
agricultural land to support our booming global population (Curtis et al, 2018; Wagner et
al, 2021). The importance of forests cannot be overestimated. Forested areas act to
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stabilize climates and regulate water cycles, and forests in North America have been
identified as one of the largest terrestrial carbon sinks in the world (Holland and Brown
1999). In response to the exponentially increasing stresses on forests, pest management
must pivot to strategies that are less ecologically taxing and more species specific. One
such strategy already at use in agricultural systems and demonstrating much potential for
forest systems is RNA interference or RNAi.
RNAi is a naturally occurring form of post transcriptional gene silencing found in
most eukaryotes that mediates resistance to viral nucleic acids and regulates expression of
protein coding genes (Dietrich et al. 2017). RNAi forms the basis for virus induced gene
silencing and is triggered by the presence of double stranded RNAs (dsRNAs); these are
processed first by RNase enzymes Dicer and Drosha, and then captured by the RNAinduced silencing complex (RISC) in which one strand of the offending RNA binds to
target messenger RNA (mRNA) which is subsequently cleaved resulting in translational
inhibition (Siomi and Siomi 2009; Song and Rossi 2017). The RNAi pathway can be
artificially stimulated by synthesizing dsRNAs using nucleic acid sequences from
targeted organisms to pinpoint specific genes and affect physiological processes. The
induction of the RNAi pathway can provide important insights into gene function (Pratt
and MacRae 2009); because RNAi can impact nearly any aspect of insect physiology it
can also be used as a tool for integrated pest management (IPM) practices (Yu et al.
2013). In agriculture dsRNA based biopesticides are in use against western corn root
worm, Diabrotica virgifera virgifera, (ISAAA 2020) and the first sprayable dsRNA
based biopesticide for the management of Colorado potato beetle, Leptinotarsa
decemlineata, is currently pending registration at the EPA (Rodrigues et al. 2021). The
use of RNAi for forest pest suppression is also approaching feasibility with demonstrated
efficacy against the wood boring coleopterans, the emerald ash borer, Agrilus
planipennis (Rodrigues et al. 2017; 2018) and Asian longhorned beetle, Anoplophora
glabripennis (Rodrigues et al. 2017), as well as against Dendroctonus bark beetles, the
southern (D. frontalis) and mountain (D. ponderosae) pine beetles (Kyre et al. 2019;
Kyre et al. 2020).
Current investigations into RNAi based pest management focus on genes that
code for critical life functions such as sucrose non-fermenting protein 7 or Snf7
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(Bolognesi et al. 2012), proteasome subunit beta type-5 or PSMB5 (Rodrigues et al.
2021) and inhibitor of apoptosis or iap (Maximo et al. 2020) to name a few. Given the
nature of agricultural commodities dsRNAs that induce rapid insect mortality are
desirable and are delivered with relative ease agriculture environments through the use of
root drenches, foliar sprays, and transgenics, dsRNAs that induce rapid insect mortality
are desirable. However, the temporal and spatial heterogeneity and the sheer vastness of
forests makes conventional deployment methods inadequate and alternative methods of
dsRNA delivery is essential. Approaches that utilize self-sustaining vectors in complex
systems could be one route of successful dsRNA based biopesticide deployment at the
landscape level. One such complex system involving multiple trophic interactions that
provide ample vector possibilities is that of the southern pine beetle (SPB).
Southern pine beetle is historically one of the most destructive pests of pine in the
southeastern United States and Central America (Asaro et al. 2017) as populations
periodically undergo dramatic and exponential growth resulting in catastrophic outbreaks.
The success of SPB as an ecosystem engineer is due in part to the intricacy of the SPB
system. The complex symbioses ranging from casual commensalism to obligate
mutualism between the beetle, multiple fungal species, and associated mites contributes
substantially to successful host colonization, larval development, and adult fitness
(Klepzig and Hofstetter 2011). The mutual inter-dependence of these organisms creates
tremendous potential for their manipulation as dsRNA vectors. However, this interdependence requires continuous interaction, and therefore survival, of each component.
Consequently, dsRNAs that induce mortality are not desirable.
One intriguing aspect of SPB biology that contributes to its outbreak behavior and
status as a forest pest and ecosystem engineer is its sophisticated chemical
communication. Pheromone mediated mass aggregation centralizes attacks on focus
trees, and then shifts colonization to peripheral trees (Raffa 2001; Schlyter and
Anderbrant 1989) creating new epicenters of attack that proliferate across the landscape.
The shifting nature of focal trees causes rapid accumulation of dead trees and explosive
population growth (Bentz et al. 1996, Powell et al. 1998) and is driven by dynamic
pheromone plumes acting as both attractants (Klutsch et al. 2017; Sullivan et al. 2021)
and repellents (Borden 1989; Pureswaran et al. 2000). Mass aggregation of SPB is
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stimulated by the female produced aggregation pheromone frontalin (Fn), with the male
produced endo-brevicomin (nBr) acting as a synergist when present at low levels along
with host volatiles alpha and beta-pinene (Renwick and Vité 1969, Sullivan et al. 2007,
Munro et al. 2020). The male produced pheromone verbenone (Vn) acts to reduce
responses to aggregation attractants and is also synergized by the presence of endobrevicomin when present at high concentrations (Vité and Renwick 1971; Richarson and
Payne 1979).
The importance of beetle and host produced semiochemicals to the ability of SPB
to aggregate en masse and productively switch hosts to prevent resource depletion makes
them prime targets for dsRNA mediated management. I sought to disrupt SPB chemical
communication by manipulating beetle response to biologically significant odors. I
identified SPB genes responsible for olfactory response to endo-brevicomin, frontalin,
verbenone, and alpha-pinene and validated those responses using electroantennograms.
Adult beetles then orally ingested dsRNAs specifically designed to silence those genes.
After 72 h beetle electroantennogram response was evaluated and compared to beetles
exposed to a gfp control. I then verified the RNAi induced silencing of targeted olfactory
receptors genes using quantitative PCR (qPCR).

7.3
7.3.1

Methods and Materials
Insects
SPB were collected from loblolly pine, P. taeda, bark harvested from active

infestations in the Kisatchie National Forest. Bark was shipped on ice and stored in total
darkness at 4°C until beetles were extracted. To extract adults from bark, bark was placed
in clear 4-liter collection containers with white cloth covering the exposed bark and
containers were exposed to light. As beetles emerged they were collected from the cloth
and stored in standard petri dishes lined with moistened filter paper. Assays were
completed within 24 h of adult beetle emergence.
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7.3.2

Gene Identification and Selection
A list of olfactory receptors was composed based on an antennal transcriptome

analysis of chemosensory genes in Ips and Dendroctonus (Andersson et al. 2013).
Olfactory receptor gene sequences from D. ponderosae were translated and the resulting
protein sequences were blasted to a partial southern pine beetle genome. Blast results
were then parsed and all groups of genes that were not pseudogenes were assembled
using Newbler. Assembled genes falling within Dendroctonus specific subgroups based
on the dendrogram of candidate odorant receptors (Anndersson et al. 2013) were chosen
as potential RNAi targets
7.3.3

dsRNA Synthesis
Total RNA was extracted from whole adult beetles using a Trizol (Life

Technologies, Carslbad, CA) extraction protocol and reverse transcribed into cDNA
using a 1000 ng template. SPB specific primers targeting OR genes (Table 7.1) were then
used to amplify dsRNA templates under the following PCR conditions: 94 °C for 4 min
then held for 35 cycles of 30 sec, 60 °C for 30 sec, then 72 °C for 45 sec. PCR quality
was verified using gel electrophoresis to view appropriately sized bands and quantified
with a spectrophotometer at absorbances of 260/280 and 260/230. After purification
(Qiagen PCR purification kit, Qiagen, Germantown, MD) dsRNA was synthesized from
the PCR product using a T7 MEGAscript RNAi kit (Thermo Scientific, Waltham, MA).
The reaction was incubated for 14 h at 37 C followed by a DNase treatment. dsRNA was
recovered using 0.1x volume of sodium acetate and 2.5x volume of 100% EtOH and
washed in 75% EtOH after which it was resuspended in nuclease free H 2O. Quality of
dsRNA was checked using electrophoresis and quantified with a spectrophotometer at the
same absorbances.
7.3.4

Feeding Assays
Adult beetles (n = 25) were individually fed 1 L of 1 g/L of one DfOR6

targeting dsRNA in H2O (Kyre et al. 2019). Control beetles were fed 1 L of 10 g/L of
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dsGFP (green fluorescent protein) as the gfp gene does not occur in insects and therefore
cannot be silenced. Additional beetles were treated with 1 L of nuclease free H2O to
confirm that there are no impacts from the dsRNA itself. Following ingestion beetles
were placed in standard petri dishes layered with moistened filter paper and stored in
complete darkness. After 48 h six beetles from each treatment were removed for EAG
analyses and an additional five beetles were removed for gene silencing analyses. After
72 h six of the remaining beetles were removed for EAG analyses and another five
beetles were removed for gene silencing analyses. Thus there were two time points post
exposure, 48h and 72h, where beetles were evaluated for antennal response and for gene
expression
7.3.5

EAG Analysis
Electroantennogram assays were performed to identify differences in olfactory

responsiveness to -pinene (aP), verbenone (Vn), frontalin (Fn), and endo-brevicomin
(nBr) between dsOR treated beetles and control (dsGFP-treated) beetles. Antennal
preparations for each insect were performed following protocols described in Sullivan et
al. (2017). A glass pipette Ag/AgCl reference electrode containing normal saline was
inserted into the foramen of a beetle’s excised head. The tip of another glass pipette
electrode was trimmed to match the diameter of the antennal club. The club was then laid
flush against the electrode opening so that the entire club surface made contact with the
saline. The opposite antennal club was positioned against the airstream. Antennal
preparations were exposed to a constant airstream containing filtered humidified air
(400mL/min) delivered from a 1 cm glass tube into which brief 1 sec “puffs” of air (50
ml/min) test stimuli were introduced from Pasteur pipettes, each of which contained a
folded 0.5x7 cm piece of filter paper treated with 35 L of distilled water and 10 L
semiochemical dilutions (Table 7.2) in mineral oil. Each beetle preparation was exposed
sequentially to 8 odor puffs beginning with a positive and negative control, followed by
the 4 test stimuli in randomized order, and finally the positive and negative controls again
with 1 min between each exposure. Antennal voltage amplitudes coinciding with each
exposure were recorded using QuickDAC (Measurement Computing Corporation,

102

Norton, MA) software and quantified using PeakSimple Chromatography software (SRI
Instruments, Torrance, CA).

7.3.6

EAG Statistical Analysis
Antennal preparations require detachment of the head from the body and as a

consequence responsiveness declines over time. To compensate, antennal responses are
normalized using responses to both negative and positive controls, wherein the linear
equation of each 10 min preparation (X = time, Y = response amplitude) is calculated, and
the resulting Y values used as time corrected amplitudes for negative and positive control
responses. The estimated negative control amplitudes are subtracted from test dilution
responses and the difference divided by the estimated positive control response. Lastly, to
remove heteroscedasticity, normalized responses were cube root transformed.

7.3.7

Gene Silencing
Total RNA was isolated from whole adult beetles using TRIzol Reagent and RNA

quality and integrity were verified using spectrophotometer absorbances measured at
260/280 and 260/230. Samples meeting 260/280 standards of 1.8 – 2.2 and 260/230
standards  1.8 were used for cDNA synthesis. cDNA was reverse transcribed using MMLV reverse transcriptase (Invitrogen, Carlsbad, CA) at a concentration of 2000 ng/L.
A quantitative PCR (qPCR) standard curve was constructed using a 2-fold dilution series
and a 1/2 dilution was chosen for qPCR analyses to ensure cDNA concentrations were
high enough to amplify OR genes of relatively low expression. Each qPCR well
contained 1 L of cDNA, 0.2 L each of gene specific forward and reverse primers
targeting specific genes (Table 7.3), 5 L nuclease free SYBR Green Master Mix
(Applied Biosystems, Waltham, MA), and 3.6 L of nuclease free H2O. qPCR was
performed with a QuantStudio3 qPCR machine (Applied Biosystems, Beverly, MA).
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7.3.8

Gene Silencing Analysis
Relative gene expression was analyzed using the 2-ΔΔCt method (Livak &

Schmittgen 2001). Cq values from qPCR output were normalized using the geomean
expression value of two reference genes: ribosomal protein S18 (RPS18) and elongation
factor – 1 alpha (EF1A). Statical analyses of resulting gene expression data were
evaluated using a two-sample t-test (R studiov1.1.456) assuming equal variances.

7.4
7.4.1

Results
EAG Analysis
A two-way ANOVA showed no significant differences in the antennal electrical

output of dsRNA treated beetles compared to control beetles. However, post hoc analyses
revealed a high degree of deviation in Vn treatments correlating with beetle sex (Figure
7.1). On average, all treatment beetles demonstrated a significant decreased sensitivity to
Vn in relation to aP (t-test, one-sided, p = 0.03) but females displayed a significant
reduction in response to Vn compared to males (t-test, two-tailed, p <0.001). When
analyzed separately, female post hoc tests showed significant reduction in antennal
response when exposed to Vn (Figure 7.2A) compared to the control while males did not
(Figure 7.2B). Significant differences in antennal responses between sex were also noted
when preparations were stimulated with aP (t-test, two tailed, p = 0.007), but neither was
significantly different from the control.
7.4.2

Gene Silencing analysis
Adult beetles exposed to dsRNA targeting DfOR6 showed significant gene

silencing when compared to the control beetles exposed to dsGFP (Figure 7.3).
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7.5

Discussion
I investigated the physiological impact of silencing a subset of olfactory genes

using RNAi. My results showed that the knockdown of DfOR6 results in decreased
antennal electrical output in the presence of the pheromone verbenone by female beetles
when compared to the control.
Verbenone is an oxygenated monoterpene derived from the auto-oxidation of pinene, one of the most abundant terpenes found in Pinus spp. and it is present in large
quantities in the hindgut of newly emerged male southern pine beetles (Pureswaran et al.
2006). Upon mating, male SPB expel the contents of their gut, releasing the verbenone
(Pureswaran and Sullivan 2012). Verbenone is considered an attraction inhibitor or
antiaggregation pheromone as its presence reduces responses to synthetic attractants both
in the field (Payne et al. 1978) and in the laboratory (McCarty et al. 1980), though
differences in concentration have been noted. Verbenone acts as an attraction inhibitor at
higher concentrations (Sullivan and Clarke 2021), and limited studies show that low
concentrations of verbenone increased the arrestment attract chirps of male beetles
(Rudinsky 1973), suggesting that during an infestation it may shift the sex ratio of beetles
towards females (Renwick and Vite 1969). Verbenone also has nonbeetle origins host
tree, either spontaneously or via microbial oxidation of pine resin (Brand et al. 1976;
Hunt et al. 1989; Sullivan 2011). The presence of verbenone, either beetle or host
derived, at large amounts seem to signal unsuitability of the host therefore acting as an
inhibitor to beetle arrest.
Dickens and Payne (1977) postulate that SPB possess greater number of olfactory
receptors that respond to the pheromones of the opposite sex. As verbenone is a male
produced pheromone, the decline in female antennal responses could indicate that DfOR6
codes for a receptor in female antennae lacking in males. This is supported by studies
investigating sex-based gene expression studies among arthropods. Fan et al. (2018)
investigated differential expression of ORs between male and female Aphidius gifuensis
and found differentially expressed genes correlating to behavioral changes not only
between males and females, but also virgin and mated insects. A study in the wood
boring beetle Apriona germari identified 27 ORs displaying female biased expression
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levels, suggesting their potential as male-produced pheromone specific receptors (Qian et
al. 2020).
Verbenone is becoming increasingly accepted as a tree protection tool against
Dendroctonus bark beetles with various formulations already registered and
commercially available for pine protection against SPB as well as the mountain pine
beetle, D. ponderosae, (Grosman et al. 1997; Seybold et al. 2018). However, due to a
lack of consistency there is mixed consensus as to its efficacy, depending on verbenone
concentrations, enantiomeric composition, and beetle population strength (Richerson and
Payne 1979; Progar et al 2013, Dodds et al. 2018). The lack of consistent success may be
due to the complexity of host selecting behavior, which involves visual cues and other
olfactory signals produced by hosts, nonhosts, and competing insect species (Strom et al.
1999). Furthermore, verbenone is not shown to reduce the attraction of females and may
actually play a role in initiating host attack (Sullivan and Clarke 2021), alluding to
differences in receptor makeup or sensitivity between sexes.
Understanding the underlying mechanisms that lead to semiochemical effects as
either attractants or deterrents are important for the development of novel tree protection
approaches. The rapidly growing impacts of changing climactic regimes and the
expansion of native species beyond their endemic ranges put further pressures on forest
managers and researchers alike to expand their approaches to pest management. This
study represents a first but significant step allowing future investigation into the
molecular and genetic processes behind southern pine beetle pheromone reception and its
applications for bark beetle management.
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Table 7.1 dsRNA primer sequences for gene silencing in SPB. T7 primer sequence
attached to 5’ end in bold.
Gene

Primer Sequence

Amplicon
(bp)

dfor6

F: TAATACGACTCACTATAGGGTTTAGGGTGACCTCATTGCC
R: TAATACGACTCACTATAGGGACGCATAGGAGAACATTGGG

432

F: TAATACGACTCACTATAGGGCGATGCCACCTACGGCAA
R: TAATACGACTCACTATAGGGTGTCGCCCTCGAACTTCA

248

gfp
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Table 7.2 Odorants used in EAG analyses of SPB after the ingestion of dsRNA targeting
DfOR6.
Stimulus
-pinene (aP)

Concentration in mineral oil
1/10-1

Exposures/ preparation
x1

Verbenone (Vn)

1/10-2

x1

Frontalin (Fn)

1/10-3

x1

Endo-Brevicomin (nBr)

1/10-4

x1

Blank (Neg Control)

Oil only

x2

Standard (Pos Control)

aP 1/10-3

x2

Vn 1/10-3
Fn 1/10-4
nBr 1/10-4
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Table 7.3 Primer sequences for gene expression studies using qPCR.
Gene
dfor6

Primer Sequence
F: TCGGTAGAGATGCGAAATCC
R: TGGTACTTCTACGGCCATCC

Amplicon
110

rps18

F: GCCCTCTTGTTCAAATCCAC
R: CTTAACGGCCATCAAAGGAG

81

efia

F: TCCAAGAGGTGGGAATTCAG
R: GATCGTCGTTCAGGAAAAGC

129
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Figure 7.1 A high degree of deviation among Vn treatments; a lesser degree of deviation
among aP treatments.
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Figure 7.2 After ingestion of dsDfOR6, females showed a significant reduction in
antennal responses (t-test, two tailed, p = 0.001). Males a slight reduction in response to
verbenone but it was not significant (t-test, two tailed, p = 0.8).
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Figure 7.3 dfor6 was significantly silenced following the ingestion of dsDfOR6 when
compared to the dsGFP control (t-test, one tailed: p = 0.024).
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8

SYNOPSIS

Dendroctonus bark beetles represent one of the most impactful genera of forest pests
in North America. In a healthy ecosystem Dendroctonus beetles take advantage of
weakened trees with compromised host defenses but trees debilitated by physical damage
or abiotic factors such as drought or increased temperatures have the potential to become
epicenters for massive outbreaks. As the climate begins its shifts, forests are increasingly
compromised allowing for easier host colonization by bark beetles. Additionally, warmer
annual temperatures have effectively removed geoclimatic barriers that historically
barred Dendroctonus species from range expansion, resulting in their presence hundreds
of miles beyond their historical ranges. While current management methods can be
effective, they fail to keep pace with the increasing pressures of climate change and
anthropogenic activities. My work aimed to address these shortcomings by performing
proof of concept experiments that demonstrate the feasibility of a next generation pest
control measures, and offers insight into potential methods of deployment at the forest
level.
In Chapters Two and Three I demonstrate the ability of exogenous dsRNAs to
activate the RNAi pathway in the southern pine beetle (SPB), Dendroctonus frontalis,
and the mountain pine beetle (MPB), D. ponderosae, respectively. In each species,
ingestion of dsRNAs targeting heat shock protein (hsp) and shibiri (shi) resulted in
significant silencing of the genes and subsequent mortality. Inhibitor of apoptosis
targeting dsRNAs also proved successful in inducing gene silencing in MPB, but not
SPB, indicating the experimental parameters for SPB may need adjustment or the gene
serves a different function in each species. The demonstration of the induction of the
RNAi pathway is an important initial step in adapting RNAi as a pest management tool
for bark beetles.
The range of Dendroctonus bark beetles encompasses nearly all of their host
range, and SPB in particular has a broad north to south range that extends from Central
America to Maine. For this reason, in Chapter Four, I investigated the efficacy of
dsRNAs proven effective in SPB collected from the southeastern United States on SPB
populations originating in Mexico and the northeastern United States. I found that while
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gene silencing in northeastern populations mirrored that of the southeastern population,
the dsRNA sensitivity of the SPB population collected in Mexico varied. My findings
highlighted the need for further sequencing of SPB populations and a greater
understanding of the impacts that age, temperature, host, and stress levels can have on
immune responses in southern pine beetle.
Further sequencing of Dendroctonus bark beetles as a whole and the in silico
analyses of potential non-target effects within the genus are also important steps to
making RNAi deployment a reality at the forest level. In Chapter Five I demonstrated
that dsRNAs targeting southern pine beetle could silence genes in mountain pine beetle
and vice versa. The congeneric silencing of the hsp and shi genes highlights the
importance of target gene choice and indicates that highly conserved genes are more
likely to create non-target effects. However, the ability of SPB specific iap to silence the
gene in MPB while the inverse proved ineffective suggests that either available
nucleotide sequences for SPB should be augmented with further sequencing or iap serves
a different purpose in the two species. I also investigated the potential for non-target
effects among six additional Dendroctonus species and found a high degree of similarity
in genes considered housekeeping genes, further highlighting the need to choose RNAi
targets with care, and focus on less conserved, species-specific genes. However, an
intriguing corollary to these findings is the possibility of developing Dendroctonusspecific, rather than species-specific, RNAi pest management schemed for forest pest
suppression.
As important as RNAi specificity and efficacy across populations is the practical
deployment of dsRNAs. Treatments currently available in agricultural systems are either
topical applications as a liquid or expressed by transgenic plants, two methods that lend
themselves well to the highly manicured and easily accessible nature of crop fields.
However, forests can span many topographically diverse hectares, making topical
applications and transgenic trees ineffective methods RNAi deployment. For this reason,
I proposed a novel deployment method in Chapter 6 and performed proof of concept
work in which I transformed a fungal associate of southern pine beetle to express
exogenous dsRNAs. As the fungus is a facultative mutualist, it is consistently vectored by
SPB and its phoretic mites thus allowing it to be routinely and reliably inoculated into
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host trees, creating a self-sustaining control method. However, since southern pine beetle
would act to vector the transformed fungus, targeting highly conserved housekeeping
genes that compromise beetle health would inhibit the continued inoculation of a
transformed fungus. Therefore, in my final chapter, I investigated alternative RNAi
targets for southern pine beetle.
Chemical communication and the genes coding for olfactory receptors are less
conserved in the insect phylum than are genes coding for basic life functions and, while
necessary for host selection and mating, do not regulate beetle health on the individual
level. Using available antennal transcriptomes of MPB and Ips typographus, I identified
genes coding for olfactory receptors and demonstrated successful silencing and resulting
physiological impact of DfOR6, which plays a role in the reception of verbenone, a
multifunctional pheromone of SPB that aids in host switching and selection. DfOR6 is
the first verbenone specific receptor identified in a bark beetle.
Overall, my work is proof of concept, but it builds the foundation for further
exploration into the deployment of RNAi technology at the forest level and potential
hurdles in the form of underlying mechanisms to immune responses and target
specificity. Traditional forest pest management IPMs are effective, but the available tools
cannot compete with the expansive tree loss resulting from bark beetle outbreaks. RNAi
has the potential to be a powerful and less ecologically taxing approach to augment
current silvicultural practices that negatively impact forest ecology and carbon
sequestration in forests already compromised by climate change.
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APPENDIX 1. ML CONSENSUS OF SOUTHERN PINE BEETLE SPECIES
CONFIRMATION
After maximum likelihood analysis three haplotypes were observed in SPB populations
originating from Mexico. All three haplotypes clustered with existing SPB sequence data.
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APPENDIX 2. SOUTHERN PINE BEETLE OLFACTORY RECEPTOR
10 potential olfactory receptor (OR) genes were identified in southern pine beetle. Of the
10, DfOR1, DfOR4, DfOR6, DfOR9, and Df OR10 have been verified via RT-PCR. The
identified genes and their corresponding blast resulting results are as follows: SPB genes
labeled to correspond with initial MPB queries.
1
DfOR25 | DponOR25(GABX01000001.1) – DponOR49b (XM_019906981.1)
TATTTCCAAAATGTCGGCTAATTCGAATAACCATGATATGTTGTTCGATAATGGGAGCATTTCC
TTCGCAATTCTTGTTTCAAGATAATAGGACATTTAATCGTATGTACGCTATGTACTCGAAATTA
ATGGTGGGATATTTCGCGTTATTTACATTCACTACAATATTAGAACTGTGGATTTTAATAACCG
ATGAAGATGTAATGAGCAATGCTATTTTCGCTAATATATCGGTTACACCAATATATATCATCA
CACTTGCAAAGCTACTGATTATGATCTTAAATAGTAATTTCGCTGCTAACATTAAGCAGATTAT
CGAAACTGAAAATTGTCAATCTCCTACTGATGATGACGAGGTATTGAACGTAAAATGGTTCAA
CGAAGTGATAAAGTTGTAAAATGTTATGGATTGATGCTGTTCATTCTCTCCATGCTATTTTTTG
TTAAACCGCTCTTAATGACCGGAATGATAGTTTCAATCGGCAACACGACAAAAGTAATCAGAT
ATTTACCATTGTCTTCATGGTTTCCATTTGATGAGCAAGAACATTATGCGTTCAGTACACTTAT
ATATGGCAAGTTCTAAATGGTGTACAGGGATCTACCTATATTGCAACTACGGATATTTTAATG
TTCACGTTAATAGTATTTCCGGCTGTTCAACTGAGAAAATTGCTGCATTTGCTAAAGAATTTTT
CTCATTACGTGGAAAAATTTACGACTTTATATAATACTGTGGATGCCGAAAAAGCGGCAAAAA
TCACCTTAGTTTACTTCATATGCAGACATAAAGAAATCATAGAGTATATT

qPCR F: CGCTCTTAATGACCGGAATG
qPCR R: TGCTCATCAAATGGAAACCA
dsRNA F: TAATGGGAGCATTTCCTTCG
dsRNA R: TAGTTTCAATCGGCAACACG
________________________________________________________________________
2
DfOR24 | Dpon OR24 (GABX01000006.1) – Dpon OR92a (XM_019901460.1)
AGATTAAAAAGAAATGGCGCAAATCCATAGCGATAACCGAAAAAATACTCGTTGTCACCGAC
GTTTGGCCCACTAATAAATCGAGTCGATTGCGGACAATAAAAATTGTGCTTATCGCCATTGCC
TGCATTATTTTTGACATTACCGTTATCGAAGAACTGATCATGTTAATAATGAGGCAAGACTTTA
AGGGTCTTTCCATGCATATAGCCACTTTCAGTATGATCATGGGCTACAGCGCAAAGATTGTGA
TGTTTCAATTCACAAAGAACGGCTCTTTAAAGAATATGCTGGACAGTATGGATAGCACCATTT
TTCATGCGTATCCTCCGGAAATGCAAAAATACCAGGACAACTGCATTTGGATTTCTAATTTAG
TTGGTCAATCTTTTATCTATTTAGTGGCATTTACTATTGTGTTCTTCGTGAACAAGCCGTTTTAT
TCCGTATATCCGCTACCGGTTACTTTCTCTCATCCCCTAACCACTACTACTTATTACATGCTGTT
GACTTTGCAATGTGTTTGCATTTCCTACTTGGTCATGATTGGTGCTTCCTTTGATATGCTTGTAA
TGGGACTGGTCAATGTAGCCACTGCTCAGCTCGACATACTTATTGAAGAAATCGCCACATTTA
CTCCACCAAATATTGAGACTTTGGAAAAGGAGGAGCATCGGTTTATTAAGAGATGTGCCAAG
AAACACAATGCAATTATAATAATGATTATTTAAGCTACATAAATTCCATAGAAGACGTATTCA
GGTACGTATTTCTAGCTCAGTGCGTGGAGAGTGTCATGTGCATCTGCGGTTGCTCGTTCCAACT
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GACGCATGTCGTAAGTATACACCAGTTGGCACAGCCCATTTCTACTGCAATCTTATATATACG
TGCAATGTTATATTTGAAATTGGAATCTGTTGTTGGTTTGCAACACTGATGACGACTAAAGGC
AAGCTGTAGCTGATGCTTGTTACCACTACAACTGGCTGCACTCCTCTACTGCTACCAAAAAAA
ACTATTAATGATTATTATTTGTCGTAGTCAAAAGCCTTTATACATTGTACTTGGAAAGGTTGTT
CAATTGTCAATAGGATCGTTTTTGTCGGTTTATTGAAAACGGCCTACTCTTACTACGCTCTAAT
ACAACATCTATACGACAAAGCAAACCATTAG

qPCR F: TCTAGCTCAGTGCGTGGAGA
qPCR R: TGCAGTAGAAATGGGCTGTG
dsRNA F: GCCATTGCCTGCATTATTTT
dsRNA R: GGTCATGATTGGTGCTTCCT
________________________________________________________________________

3
DfOR7 | DponOR7 (GABX01000015.1) – Dpon OR4 like (XM_019906473.1)
CGCATCAGACTTACAACATCTGCAGCTTCCTCGAAGGTGAACACATCCGTCTCGGAATCGGAG
GTTTTTATCCGAGTCGAATCAAACGTACATGTATAGTAAACTTAGTTACCGTTTTTGCTTATAT
TATCACAATTGCCCAAATGGCAGTTGTAATCAACTTTGTGCTTTCAATTACTGATATAGCAGTG
ATAACGGAAGTATTTCTCTTCTCTATGACTCAAGTGGGCTTTATTAATAAACTGGTAAACTTTC
ACCGGAACTGCAGGAAAGTTGCAACGCTAGATGAATTCATTTCACAAGATATTTTTACCAGAG
TCACGCTCGCAGAGATGGACATTATGAAGACATCGTTTCAAAGGTGCCAGAAAGTCCTCAAC
ATATTTTTACTGTCCTGCTTCGGAGTAACTCTGCTATATGGAGTAGTTCCTGCTGTGAACGGAA
AAATGACTGGGACAAAAATGTATCCATTCCCAGGAAAATTTCCTTTCAATCCTGATGACTATT
TTGTTCTTATATACGGGGGAGAAGTGGCAACAGTTGCTGTTAGCGCTTGGAACAATGGACAAT
GGATTGCCTATTTACCAAACATACAGTAATAGCAACAACACTATTTCGCATACTTCGCGAAAA
AATTAAGGTTTTGCAGTTCAACACTAAAGAAGGGGCACGGCCGTTAACAAATCGCATTAAAC
ACTGTGTTCGATACTACAACAAGATAATCAAGGATATGTTTCTGCAATTGAAAACATTTTTGC
TTATGGAATCCTAGTGCAGTTTATGTGTAGTGCAATTGTGATTTGCTTAACTGGATTTCAACTC
TTAGTGGTATTGCTTCTGAAAGCGCACAAAGTGGCTTATTGGTAGTCTACCTTTTCTGTATGAT
GTTTCAACTGGCTTTGTATTGTTGGTATGGTCACATGTTAATGGAGGAGGCAATCGCATAACT
GAAGCTTGCTACGCAATCAACTGGCATGAGATGCAAATTGAACATCAAAAGATGCTCATAATT
ATAATGGAAAGAGCTAAAAAGCCCATCGCCTTGAAAGCATTGGGTATATTTCGACTAAACTTG
TCCACATTAATGACCGTAAGACTTTCCTTCTACTTCTTAGATCATCGTACTCCTATTTTGCAGTT
CTGCAGCAGATGTATCGC

qPCR F: AGCGCACAAAGTGGCTTATT
qPCR R: CAGTTATGCGATTGCCTCCT
dsRNA F: GAACGGAAAAATGACTGGGA
dsRNA R: GGTATTGCTTCTGAAAGCGC
________________________________________________________________________
4
DfOR19 | DponOR19 (GABX01000018.1) – unchar loci (XM_019914466.1)
TGTACCCTATTCGTAAAGACTTGCCATTTTATGCCAATCTACGAATATTGAAATCAATTGGATT
TTATTCAGGAAATACCAACGGTTTCCGAAAGAAACCCATAGTGAGAACACTAACCTTTTGTAT
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ATTGTGCTGGAGTATTATTCTATTATCTGCAGTACTTTTGATTTATGAAAACTTGAATCAGATA
AAAACTATGCCTCAGTGTTTTTTAATATAGCTGTTCCTGTTGCATCAACAAGTACTTATTGCTG
TACCCTACTGTTTGTCAATTACCAAGAAAAATGGTCCGACATTCTATCAGCTTTGGTGAATTAC
GAAAAGTTTGGAAAACCAGCACGATACAATCAATTAAAGAAACGTGGCGACAGAGTTGCAGT
AGCTTGTTGGAGAGGGATTTTAACTGGTGTTTTTCTCTATATGTTGTTCGCAATATTGCAAGAA
AATGATTGCGATCTGAGAAGACAGGCAGTGGAGTTTGTGGCCTAATAATTCCCACATGGCTAC
CTGCACCATACGACCATTCTTTATTGGCGAGACGCTTAGTGCTACTGTATGACATACCAAATG
CTGTAGCAGTAAGCTCTTTCGTTCTAGTAACTCATTTAAGCATCCAAGTTAATGAATTCAACAT
AGCAAGAATCGATCATTTGAGATCACTATTCAACGAAATTGAGTTTTGTAAAAATCCACAAGA
TCAGCTCAATAAAATGAAACTTTGCATTGAATATCATCAGGACATCATTCGGGAGTTTCTTAT
CAGTTTAAAAAGTTGTCAAAGCGAACTATGGGACACATGACGTTAACATTTACCATAGTTACA
GCTTCAATGGGCTGCCATTTACTACAGGTAAGCCATCAAGGAACTTTTACCAGGAAAACGCAT
TTCTGTTTGAAATTATATATGTAATCAATATGTTTATTATGTGCCATTGCGGTCAGAGATTAGA
AGATAAGGTATGTCTCACCTAAATTACTCCATTCTTATTACACTTTTGAAATG
qPCR F: GACAGGCAGTGGAGTTTGTG
qPCR R: AAGCGTCTCGCCAATAAAGA
dsRNA F: GTGGCGACAGAGTTGCAGTA
dsRNA R: CAGGACATCATTCGGGAGT

________________________________________________________________________
5
DfOR49 | Dpon OR 49b-like (XM_019900171.1)
ATATTCTGCCGCATGATGGACATGTATGAGTAAGCCACCTTCATAGTCTGACCATTAGAACCT
TAAGAGCTGTTGAGTTGGCCATGCGGAAAAATGGCCCAACAGTAAGGCCCAATGGTCTCTGT
GCTCTTATCATCATAACAATCAAAAGAGTCTTAACTTTCTTGCTCTGTTCGTGCCAGTTACTAG
CAGCTATGGACGCTGCCACTTCTAAACCCTGGTTATTTCATTAGCATGCCAAGACAGGATGAA
TATCTGGACTACAATGTAAAAATTGAGCCAAAAAGTCGATAATCGGCCTGCAGGAGTGTCGA
TACTATAAGAAACTGAAGTGTCCCCGAAGCAACGCACAACGAATTTAGAATGAATTCCATCA
GCAAAACATATTTAGTGCGATCATTTAACAAGTGAACAAAATTAAATCTTGATGTTCATTAAT
CAGTTCCTTGATGGCACGTTCTGCATTACCGTGATATTCCTCTTGGGCAATCTTATCAAACTTC
TTCAGGCGAATTTGTAAGATTCTCAGCCTTGTTCTGACATAAATCATCAAACAGATAAGTGTA
CTTTGACTTGCTGCGTTGCAAAACAGACCCTGAGTATCGCATAAAATTGCAACGGTCATGACT
AGGGGCATGTGCTCTTCTCTTTTGAATGGGTACCAAAGATCGTGCATGAAAGGAGTATCTTTA
AATTCGCACATGTCTTCAGAAGCTTCGACTTTCATTATTGAAATGTGGGCGAAACCGCCACAT
GCGAAAAATGTCACTAGAAACTGAAATATGTTGATTCTTCTGCAGTAGTGTACTTCTTGTTCGT
AGTATTTCTTCACTTCAGTGTCGTTAGAGGCTCTCATTGCTGCTTCGTACTTTGAAATCTCAGA
AAACATCAGTGGAACCTTCTGAAGCTGAAATGAAAAATGACTACCTTGAGACATATTTCAAA
AACAATTATAAACATGTTCAAAGAGCTAATTATTCTCTCAGGTTGGTGGCGTTTCACCAGGGT
ATAAATCAGGTTTAGCAGAAGGTTCAGTATTACACTCACATAAGAAATCAACTGATACTTGGT
GTAAAAGTTATACATTTTTGTAACTAAAATGTTATCGGTGATTTTGAAAGGCCATAGCCCACA
AAGTAACAGGAACAGTTT

qPCR F: CAACAGTAAGGCCCAATGGT
qPCR R: AGAAGTGGCAGCGTCCATAG
dsRNA F: GGACGCTGCCACTTCTAAAC
dsRNA R: ATGACTAGGGGCATGTGCTC
________________________________________________________________________
6 ***(Identified at DfOR6 in Chapter 7)
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DfOR83| DponOR6 (GABX01000032.1) – DponOR83a-like (XM_019912453.1)
TACTTGGAGAAGTTTTTAATCAGTGCGAAGATCGAGTAGGACGTTTTGAGAATCTGTAAACCG
ACATGAATGTGGGCAAAGTCAAGCGGGCCAGTTTGCCAGCGGTGAAGTAAACGGGACGATTG
GTGCGCAACATGGTAAATATCATTTGCTTCTTGAACCGGTCATCGGTCGCCAGCCACTGACTTT
CCCAGATATGCATCGGGAGCTGCTCGTATTTAGGGTGACCTCATTGCCGAACCAGCAATAGAG
ATACAGCTCGAAGAGCATCGCCAGCATGTAGACCATTTCCACGAAGAATTGCTCGCTGAATGG
CGAGGCCTTACAGTGGAAATCAAGTAGAGGCTAGTGCACAGGATGAACAAGGTGGCGGTCAC
TTGACTGAGGGTGATTATGTGGTAGATTCCTTTTTCACCTCCAAATCCATTTGTCTCAGCACCA
GGGGATGCTCGCGAATTCCGTCACAAGGTGCCACCAGTGCTCCCATGCAGTGGGTGCCACCAG
TGCTCCCATGCAGTGCACGGTGCTTCTTTCGCGTACGGTTTTAAATGCCCCCTGGACCAGGACC
ATGTTCTTTGCTATGCAATTTAGGATGTTCATAAAGAGCGCGTCCATGCCCACCACGCTATAC
GCATAGGAGAACATTGGGCCTGAAAAGGGCATCCAGCAAAAGTAGGGCAACCGACTGGGGA
GCTCGTGGATGCCCCCTGCGGCTGGTTCATATACGCAGCCACGGCCATCAGGGGCGGGATGTA
CGAGGAGATGAGCGTGGCGTGGGCCAAGCAAAGAAACAGCAGCGAATAGTTGCGCCCGATTG
ATCGGTAGAGATGCGAAATCCGGCTGGGGCTAAAATCAAGCCCTCATAGTGCAGCTGAGGAT
CCTCCAAAGCGTTCATGATGTCCGTGAGTGGATGGCCGTAGAAGTACCAAAAATCACCTTGAC
GGCACCCATGAAATGAGTGAGAAAAAATTGACATAAAAAATTGACATTCTTGATCAGCTCGT
ACTGGGTCTTGTAGGTGTAAAACAGCGACACAAACTCGGTGGCCGTGAACCAGAGGTTCACG
AAGAGGAACACGCCAATGGTGTAGAGCTGGTACAAGAGCCGGACGACTTTGTTGGGGGTGCT
GGGCAGCCAGAGCCCCGCACACTTCAAAATCCATCGGTTTACGAAGAAAAAGTCAGTGGCGT
ACAATTCATGCGGTGGTTGCTGGATCAT

qPCR F: TCGGTAGAGATGCGAAATCC
qPCR R: TGGTACTTCTACGGCCATCC
dsRNA F: TTTAGGGTGACCTCATTGCC
dsRNA R: ACGCATAGGAGAACATTGGG
________________________________________________________________________
7
DfOR33 | DponOR33 (GABX01000035.1) – unchar loci (XM_019917458.1)
TGAAGAACGACTTTTTCGGCTTCTGCATCCCTCTGGCGAAATTCATATGCATAATGCCCGATA
AAACTCCCCACATTGCTTATGGATGGCGCCAGAAATTTTTTGTTGTGGTCATCTACGGATTGGC
AATATTTTGCCATTTGATGGAAATAATTAAACTTTGCCAAATTGTAACTGCCAAGTATTTCATA
CTTGGGGAATTCATCCGGAACTACGTTATCACTTCTTTGCACTTTACTTCTCTTGTTAAGGCGG
TATTCATTAGCGGTAAGAGCACTTCATTGAGCTAACGTTCGTACTGTGCGTTCTAGGAAAAAT
TGGCAAACAGGCCTTTCAAAAAATCCTGGATTTTGAGAAACACGCCTATAACAATCTCGGCTA
TGATATTTGTCTAATATACAAAAACAAAGTTACTTCAATTCAGAAGATGAAAAAGTACTACTT
GATTGGGATCATACTGGTAGTGGTTTTCTATGTTGTAGCTCCAATATTTAGGAACCAATTCATA
TTCAAGATGGAAACCAAACTATTCGAATTCGTCAAGTTCCTTTATCTTCTTGGTCCCCTTTCGA
GCAATACTATTGGTTAACATTCATATGGACAGGACTAACTGGTGTTTATTTGAGTATATTTTTT
GTTACCACTGATTTGATTTGCTACAGGTACTCAGTTATGTACAAATGATCAACGAGGGCATGA
AGAACCTGATGATTTTGGATTTTGTGCCCGGTTCAGTACATTTGGCTGGCATGATTTATCAAAT
GATGGTAAATTTCTCCAATTTCAGACTAACTTAAGCGTAATCCAATGCATCCTCCTCGGTCAGT
TTGTCTGCAGCTTGATAGCTAGAATCTTCATCTACTCGAACAGTGCTAACAACTTAAGTCAGCT
CAGTAAGCAACTGGCTGTTGATTGGTTTGAAATCGATTGGACTGAGCTGCCTAAAGACGTGAC
CAACAACTTAAGATTTTGCATTATGCGCTCACAGAAGAATCTTCGAATAACTGTTGGTGATAT
CAGCGTCATTACTATGGAAAGCTTTCTCATAGTATGTTGGGGAAATTTAATTTAC
qPCR F: GTGCCCGGTTCAGTACATTT
qPCR R: GACAAACTGACCGAGGAGGA
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dsRNA F: GCAAACAGGCCTTTCAAAAA
dsRNA R:
______________________________________________________________________________________
__________

8
DfOR5 | DponOR5 (GABX01000046.1) – OR49b-like (XM_019912752.1)
GACCAGCATTAACTAAGACCAGACGTGGACTTCTCAGTCTGGATATTCTGGATTCGAAGGGCA
CTGGCTATCCAAAGAATTTATACTCAGCCCTCGACAGGATTTCTTTTATTTGCGGTCAAGCTGA
ACTCAGCAAGAACCGATCCTGGGTGAGTAGAATAGTGGCTAATAATTACTCTTGCGATTCGTC
TATTCTCTATATAGCTATGCATTGATCATAATTGCTATAATGTTTATCCTTTCCGAAATTATTAC
GTTCAGAAAGAGTTTAACCGATTTGACCGCCGTGCTCAGTGAGATTGGAATGATGTTTACTCA
TTTATTAGGGGTGGTTAAGTTTGGAATTTTAATTTACAAGCGAAGTGAAATTGAGCAGGTGAA
AAACAAGCTGCGAGATGTTCAGTTCGAGTATGTGGGCATCTAGATGATTTCCAGCCTGGACTG
AAGATGAGAAAGGAAAAACTTTTTATAGTACTTATATCGACGTTTATTTTTGCACTTTACAATT
TTGTGGGCGTCTCAGCCCACATTAGTGCCGCCACAATGATGTACAAATATACGGCGAATGGGA
GTTTTGTTGGAAATACCACTTGCGAAACTGCCATTACTTGTTGTTCTATATGGACCTGTCTTTG
GATATTTACGCCAGTTACATTGCCAGTTTGACTCCGTGTTTGTGATTTTGCTCAATCTTCTGGC
CACTCAATTGAACATTCTGGGGGATGCTTTAAGAACAATTAGAAAAAGATGTTTGAGACGAAT
GCAGATAACAGTTGATTCCAGTTCTCTGCATGACGCTGATAACCCTCTACTGGAGAATGAAAT
GTACAATGAGCTCACTCATTGTACCAAACATCTCCATCTACTGCTAGAGTCTTTTTTAGCGTGG
GCAGTGATATAGAAAGAATTTTCACATTTCTCACGTTGCTTCAAACTATAGCCTCTCTCCTAAT
ATTCGCTTCATGCCTATTTGTGGCTGCAAGGGTACAGAACGATTTAAACAGTCCATGCTGTTA
ACAATGGCGCGATTGCAAAGGCCTTTGTATGTTTCTATTGGAAAATTTACTCCGCTGACTCTTA
CCACTCTTTTGAGCGTA
qPCR F: GCTCAATCTTCTGGCCACTC
qPCR R: CGTCATGCAGAGAACTGGAA
dsRNA F: CGTGCTCAGTGAGATTGGAA
dsRNA R: CATTCTGGGGGATGCTTTAA

9
DfOR36 | DponOR36 (GABX01000049.1)
GAGGCAGCGCCATTAAGAGTCAAAACCCCAAACGGACCATTCGATATGTTAAGTGACCGCTT
GCACCTCAACATCATAAACAGAACGAGTTCTTGTGACTCTTTGTCTAATTCATACCAAGGGAA
ATGGTACAGAGCATCAGACAGATCGAAGACGCTCTGCAAGTAAATTTATTTGCCTGGATAATC
TCGGTTAATGTCGACGCCAAAGTCAAAGAGATTACACAGTATTCCAGTAGAATAATGAATTTA
AAGCTGTCATTGAACTTGTGAACCCATTGATCAATTCCTGATGTTTTCGAATATGAATCTTCAT
TAGCTGCACCGAGGTCAAATTGCTCAAATTTGGCCTGGACATCATATGCCTTATGCCATATTCT
AGTATCTTCAATTCGACCTTCACAAATATTAACGCTGAGAATTGACCACAGCGTGACTGGCGC
CATTATAGATTACAGTTTGGACAATATGCACAAATTCATATATTAATGCGGTTGTGTAGTACTC
ATCTGGATCAAAGGGAAACCAGAAATAGATGCTGTGCGGCTTTGGATCGGTGGGCGCAGCAT
TCGGGTGCGTTTTGTAAAACTCATTAGCCAAATATAAATCCCAACCACATAGGCCAGGCCAGC
CAAAAAAGTGCACAACATTATAGATGTTACCACAAACTCTGTATAAACGACATTGCGCCGGTG
AATTTTCGAAATGTTCGAATCTCCCGAGAGGATGATTTCTTGCTCTTTTTCAGAGGCCTCCTCA
ATCAGCATAGTCACTCGACGGGACTGGATAGTAATCATTTTGCAAAAAATAACTAAGACAAA
TGTGATATTCTTCAGCACACTGATTTTCCATTATCTTTGCCGACATTTACCCACAGCGAAAGAA
GCAGCGATGGTAAGCAAAAAAGTAGAAAAACTGGGCGGCCCTTAGAAACACCTTGTACAATT
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TTTGGCGGGCGAGCGGCCAATTGGGGATGTTGCCCAAAAAGTAGAAAAACTGGGCGGCCCTT
AGAAACACCTTGTACAATTTTTGGCGGGCGAGCGGCCAATTGGGGATGTTGCCCCGCCACATC
CCCCCCCACAAAGCACTAGCGTCTTGCAAGTGCGGAAAAGCGACTGATCTTCAATGGGCTTCA
TGTCATGGGACCCATTGGACCAATGGTTATATTTAAGGGCCTTTGCGCGCGTATTATTGAAATT
AATATCAGCTGTCTGCCTTCTTTGTTTAGCTCATACCAGTTGCTGTCGTACAAAGCAGTGGCAA
T
qPCR F: CTCAAATTTGGCCTGGACAT
qPCR R: TCACGCTGTGGTCAATTCTC
dsRNA F: ATCTCGGTTAATGTCGACGC
dsRNA R: AAATAGATGCTGTGCGGCTT
______________________________________________________________________________________
__________

10
DfOR12 | DponOR12 (GABX01000054.1) – OR 67c-like (XM_019901391.1)
TGCAGAAGGATAAATTTAAAATTCTAAGTCTGCACATCAACGTGTTAATATTTTTGCAATTTTG
GCCCAATCCGTGTTTGAATCGCGTTGTTAATAACTATATAATGTCTATAGTCTGTTTTATCACA
GTTACTTCTTGCATTCCCTGCATTTGGACCATATACAAGGTAATTCAATCTATAGTCTGTTTTA
TCACAGTTACTTCTTGCATTCCCTGCATTTGGACCATATACAAGGTAATTCAAAATTTTCCAAA
ATTATATTTTACCCAATTTGTTTCTGGTTTTGTTCTCAGGTGTTTGAGGGCATGTATGATATCGG
TATCTTGTTCGAATCCTTCATTTGCTTTGTCAACATTATGGCTTATTTGACCGCCTATTGGACGA
TTTTTAAAAACAAAGCGGTAATAGAGGATCTTATCAACGATATTCGTCTTTTTTTTTACCATAT
TGTCCAACTAATTTAATACGGAATACTGATGCATCTTCTATACGCTATACAAAATGATCGTTTA
TGTTACACTGGGAGTATTTGTCAATTTAGCCTGGCCTGCTATCAGTCCGGAAGGATGTATGCG
ACAAAGACGTTGATCGTTTATGTTACACTGGGAGTATTTGTCAATTTAGCCTGGCCTGCTATCA
GTCCGGAAGGATGTATGCGACAAAGACGTTTAGAAGCTTTATCTCAATTTCTCCAGGTCTTTT
AATGCAAATAACCGAGCAAATAAAACATTGTTGCGACAAGTTTGAACACATTAATTTCAAAG
GAGATGTTGAAATCGCAAGACAAGAATTTCTAGAGTGTGTTAGATACCATCAAGCCATACTCG
AGTAAGTGAAAAACGGCAGTCAACTGTATTTTTCCTATTTAACGTGTTTTTTGTGTTTAGCTAT
GCCGAAAGAGTTTTTACAGTGTTCGCTCCGGTCATGTCGGCATACTTAGTAGTAACTTCATTCG
CTACAGCTCTTATCGGTTATCAGATTGTAGAAACCGACAATACTCAAGACAGATTTAGATATG
CGATGCTGCTGCTAGCTTGGGGATGTCTGTTTTTCATGATTTGCTTGTACGCCCAGATCTTACA
AGACGAGGTATGTCTGATAAAAGAAGCCCGGTGCTGATAGCTGATGCACTTTACAATAGCGA
CTGGACGTGCAACTCAATTTATTTTAGACACTATATAATCAGGGTAATTGCCAGGGCGCATAA
GCCCCTGTATTTTAACATTTCGTTTTTGGGGAAAATCTCCTTAACTCGTTTTGTGTCCGTA
qPCR F: CGGTCATGTCGGCATACTTA
qPCR R: TAGCAGCAGCATCGCATATC

dsRNA F: GTTCTCAGGTGTTTGAGGGC
dsRNA R: GCTATCAGTCCGGAAGGATG
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